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ABSTRACT
Chapter 1 gives an introduction to the structure, operation mechanism, performance
parameters, and challenges of organic photovoltaic devices. We also discuss some strategies to
improve the performance of photovoltaics, with an emphasis on morphology control in polymer
bulk-heterojunction devices.
Chapter 2 describes the synthesis of a class of polymer additives for bulk-heterojunction
(BHJ) solar cells based on an extended triptycene-containing unit. The incorporation of these
additives on BHJ photovoltaic devices based on PTB7 and PC71BM leads to an increase in power
conversion efficiencies of 10-20%. We also found that the additives produce more consistent
performance in devices, minimizing variation from processing conditions.
Chapter 3 presents a modular synthetic route to access functionalized 2,5-di(thiophen-2-
yl)- I-H-arylpyrroles (SNS) from readily available starting materials. We demonstrated the use of
this building block in the synthesis of conjugated polymers with high thermal stability and
solubility. Characterization of the polymers reveals a correlation between molecular packing and
charge carrier mobility.
Chapter 4 discusses strategies to enhance conjugation in organic electronic materials, using
2,5-di(thiophenyl)-N-arylpyrrole (SNS) as a model system. The first section describes synthetic
routes to access a novel polycyclic heteroaromatic building block via intramolecular cyclization
reactions. The second section explores the electrochemical properties of SNS units for the
opportunity to enhance conjugation via electrochemical methods.
Thesis Supervisor: Timothy M. Swager
Title: John D. MacArthur Professor of Chemistry
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CHAPTER 1
Introduction to Organic Photovoltaics
Triptycene-based Polymers as Surfactant Additives for BHJ Devices
Organic photovoltaic devices (OPVs) hold great potential as an inexpensive source of
renewable energy as a result of their numerous advantages over conventional technologies,
including light weight, flexibility, and amenability to inexpensive processing methods such as spin
coating, inkjet printing, and roll-to-roll printing. "ASince the first reported device in 1986,5 OPVs
have achieved significant progress, and the maximum power conversion efficiency (PCE) has
reached 17.3%, approaching the high performance of commercial silicon-based or perovskite
devices.6 Although OPVs do not possess the high PCEs as other technologies (Figure 1.1),
expansive synthetic variability of OPVs from abundant starting materials provides many
opportunity to optimize processability and photovoltaic performance .7 -'o Thus, the main challenge
is to mass-produce OPV devices with consistently high efficiency and stability via inexpensive
scalable processing methods 1' 12
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Figure 1.1: Certified Best Power Conversion Efficiencies Over Time for a Variety of Photovoltaic
Technologies, Provided by NREL'3
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1.1 Working Mechanism of OPV:
A basic OPV device consists of an active layer sandwiched between a cathode and an
anode. The most important component of an OPV is an active layer typically consisting of a donor
and an acceptor. The commonly accepted working mechanism of an OPV device is illustrated in
Error! Reference source not found..14"1 5 First, upon photon absorption, the electrons in the donor m
aterial are excited, generating bound electron-hole pairs called excitons.1 6 The excitons then
diffuse to the donor/acceptor interface, where they dissociate into mobile electrons and holes
through a charge separation process.'17" 8 Finally, the electrons diffuse through the electron acceptor
and the holes through the donors to the respective electrodes where they are collected.
Donor Acceptor electron
LWMO
D:hole
hv E)
HOMK) Cathode
Anode 0
HOMO
ITO
Scheme 1.1: Working Mechanism of An OPV Device: ( Photoexcitation, ® Exciton Migration
to The Interface, ® Charge Separation, and ® Charge Transport and Collection at The
Electrodes.
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1.2 Performance Parameters of OPV Devices:
The key indicator for OPV performance is the power conversion efficiency (PCE), which
is the ratio of power output of the device and the incident solar power. Typically, the PCE is
derived from a J-V measurement with the key parameters as illustrated in Figure 1.2:
Voltage (V) I
Vmp Voc
Maximu m PowerI
Jmp
JSC
FF - P XSC
voc X ksc
PCE = POt _ VOc X Jsc x FF
PP C
Figure 1.2: J-V Characteristics Curve of Photovoltaic Devices
PCE is calculated based on the formula:
PCE _ P _. VOcX JscXFF
Pin Pin
The open circuit voltage (Voc) is the maximum voltage from the solar cell with no current
being allowed to form. It is dependent upon the excitation density and must be compared at a
standard level of photon flux. Voc is limited by the energy levels of the photoactive materials,
specifically the difference between the highest occupied molecular orbital (HOMO) of the donor
and the lowest unoccupied molecular orbital (LUMO) of the acceptor, or the energy of localized
interfacial charge transfer states. 19 Charge recombination can have an adverse effect on Voc.
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The current density (Jsc) is the maximum photocurrent in the solar cell without a load. The
value of Jsc depends on the efficiency of all the processes describe above, including exciton
generation, exciton migration, charge separation and charge collection. Jsc depends on the number
of charge carrier generated, which in turns depends on the absorbance of the photoactive materials
used. Jsc also depends on the quantum efficiency of charge separation, which depends on the
surface area and the organization at the donor- acceptor interface.
The fill factor (FF) is the fraction of photo-generated charge carriers reaching the
electrodes. FF is a measure of how efficient the device is in converting the energy absorbed into
productive current. FF is determined by the competition between charge transport to the electrodes
and charge recombination.
Organic materials have lower dielectric constants than the inorganic counterparts, creating
tightly bound Frenkel excitons with binding energy of 0.3-1 eV compared to 26 meV in inorganic
materials. 20 In addition, the excitons have a small diffusion distance, in the order of 10 nm.2 1 With
the low dielectric constant and high binding energy of the charge carrier, organic devices have to
rely on heterojunctions for an electronic energy gradient to facilitate exciton migration and
dissociation. The band offsets at the donor-acceptor interface provides the driving force for exciton
dissociation.22
1.3 Development of OPV Architecture:
In 1986, Tang et al. developed the first OPV with a bilayer structure using copper
phthalocyanine (CuPc) and a perylene tetracarboxylic acid derivative (PV) with a PCE of 1%.5 In
1993, Yoshino reported enhanced photoconductivity when polythiophene was blended with
Buckminster fullerene C6 0 .2 3 In the same year, Heeger and coworkers discovered ultrafast
photoinduced electron transfer between polymer and fullerene,2 42 5 which opened up the
-29-
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possibilities of OPV devices with conjugated polymers as the donors and fullerene derivatives as
the acceptors.2 6
The PCEs of these planar bilayer devices (Figure 1.3a) were limited for several reasons.
First, the donor-acceptor interfacial area required for charge separation in a bilayer structure was
small. The absorbance of the active materials also correlates to the thickness of the active layer.
However, due to the small exciton diffusion length, the active layer has to be kept small to
minimize recombination. These factors limited the number of charge carriers generated in the
bilayer devices. According to a study by Hedley et al., an ideal active layer of polymer- fullerene
devices should have elongated polymer-rich and fullerene-rich domains, which are 5-20 nm wide
and 100-200 nm long. The ideal architecture for the active layer should allow for charge transport
channels as illustrated in Figure 1.3b.
To overcome this problem, Heeger and coworkers developed OPV devices with a bulk-
heterojunction (BHJ) active layer in which the donor and acceptor materials are mixed together to
form a nanoscale phase separation and bi-continuous interpenetrating network (Figure 1.3c). 16 In
BHJ devices, the larger area of the interface between the donor and acceptor offers more
opportunity for charge separation. Another advantage is that BHJ active layers can be fabricated
in a single step from solution via different processing methods. 3 ,1 1 With these advantages, BHJ
solar cells produced from conjugated polymers and fullerene-based acceptors are among and the
most common type of OPVs.
- 30 -
Chapter 2
~~1
Chapter 2 Triptycene-based Polymers as Surfactant Additivesjfr BHJ Devices
a) B0layer (Planar Heterojuncton) b) ideal c) BiLk-eterojunction
Figure 1.3: Architecture of OPV Devices. a) Bilayer (Planar Heterojunction); b) Ideal
Architecture; c) Bulk Heterojunction (BHJ)
1.4 Optimization of BHJ Devices:
As discussed in section 1.3, the power conversion efficiency of OPV devices depends
heavily on the properties of the active layer. The design and fabrication of OPV devices have been
studied extensively to optimize device performance.2 ,3 The molecular design for the active donor
and acceptor materials has been extensively studied to optimize the electronic and physical
interactions between the donors and acceptors.1, 29
1.4.1 Electronic Properties of Active Materials:
Given the low exciton diffusion distance and charge carrier mobility in organic materials,
the thickness of the active layer is limited to a few hundred nanometers.30 It is therefore necessary
to maximize the absorption of the active layer in order to maximize exciton generation which will
improve Jsc. One strategy is to maximize overlap between the polymer donors' absorption and the
solar irradiation spectrum (Figure 1.4). It has been estimated that a donor with bandgap of 2 eV
(620 nm) can only absorb 30% of the solar irradiation, but with a bandgap of 1.1 eV (1100 nm),
this ratio increases to 77%. However, reducing the bandgap by lowering the donor's HOMO often
leads to a low Voc. As a compromise, polymer donors of well-performing devices tend to have
bandgaps in the range of 1.2 tol.8 eV.8 Molecular design to fine-tune the energy levels of polymer
Chapter 2 Triptycene-based Polymers as Surfactant Additivesfor BHJ Devices
donors has been studied extensively, with the polymers typically containing alternating donor and
acceptor units.
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Figure 1.4: Solar Radiation Reference Spectrum at AM 1.5 (ASTM)3 1
In addition to the vast amount of research on the organic donors, different types of organic
acceptors have been explored. However, fullerene derivatives remain the most common
acceptors for various reasons. First, fullerene derivatives are found to exhibit ultrafast photo-
induced charge transfer with conjugated polymers.17,25 Next, they have deep LUMO, making them
compatible acceptors to various donors.34 It is worth noting that fullerene derivatives can be
designed to optimize the morphology without sacrificing their electronic properties. 34
1.4.2 Morphology of Active Layer
In addition to the intrinsic electronic properties of the active materials, the
nanomorphology, defined as the organization of the materials on the length scale of the active
materials, also plays a crucial role in device performance. With the limitations in charge carrier
mobility in organic material, OPV performance is even more sensitive to the morphology of the
active layer than their inorganic counterparts. The donor/acceptor interface needs to have a large
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area for exciton dissociation, while maintaining sufficient phase separation and connected
pathways for charge transport and collection.3 5 Some approaches to control the nanomorphology
of the active layer include: molecular design of the bulk donor and acceptor materials,1, 8
29
processing conditions,36 and the use of interfacial additives.
1.4.2.1 Methods for Morphology Optimization
1.4.2.1.1 Molecular Design of Bulk Materials:
The molecular design of the active materials determines their molecular packing structures,
which affects the mechanical and electronic properties of the active layer and consequently device
performance. A balance of solubility and crystallinity is desirable for processability and optimum
device performance. A high degree of crystallinity is conducive for charge transport via 7t-2t
stacking but more crystalline polymers also lead to enhanced phase separation and larger domains.
The design of the polymer backbone and the inclusion of alkyl side chains are often used to fine-
tune the polymer processability and the active layer's morphology. 8' 3
1.4.2.1.2 Processing Conditions
Processing conditions have strong influences on the reorganization of the active materials
and hence the morphology of the active layers. Some of the variables that have been used to control
device morphology are temperature, solution concentration, and ratio of donor/acceptor.3 6 Thermal
annealing and solvent annealing are also popular processing techniques that allow for
reorganization of the active materials in solid state in order to improve crystallinity and phase
38,39
separation.
1.4.2.1.3 Processing Additives
Processing additives can also be used to control the morphology of the active layer. A small
amount of a solvent or design additives can have a significant influence on the morphology of the
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active layer. Some types of minority additives include solvent additives'- and design
additives.44 '4 5 These additives are especially helpful when the major active materials are not
compatible to the prolong thermal stress applied in thermal annealing.4 6 These additives will be
discussed in detail in Chapter 2.
1.4.2.2 Characterization Methods for Morphology
The morphology of the active layers can be characterized through different methods.
Atomic Force Microscopy (AFM) gives information about the nanostructure of the surface. X-ray
diffraction measurements provides information about the structural order and crystallinity of the
film. Transmission Electron Microscopy (TEM) can offer more details on the length scale of phase
separation and connectivity of the network.2,
4 7
,
4 8
This dissertation explores some approaches to control the morphology in organic
electronics, particularly in polymer photovoltaic devices.
Chapter 2 describes the design and synthesis of a class of polymers to be employed as
processing additives in polymer- fullerene OPV devices. From our studies, the introduction of this
additives to PTB7-PC 71BM BHJ devices leads to an improvement in the PCE of these devices and
minimizes batch-to-batch variation in device performance.
Chapter 3 presents a modular approach to synthesize polymer donors. A library of
conjugated polymers containing a donor building block with multiple solubilizing side chains were
synthesized. The characterization of these polymers offers some insights about the influences of
side chains on the physical properties, molecular packing and charge carrier mobility of the
polymers, which in turns affect the polymer performance in OPV devices.
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Chapter 4 explores another approach to influence the polymer morphology by tuning the
polymer backbones. This chapter will describe some approaches to synthesize planar polycyclic
aromatic units via intramolecular cyclization reactions. The higher degree of conjugation and
rigidity in the polymer backbones from these units will influence the morphology and charge
carrier mobility in the polymers.
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for Bulk-Heterojunction Polymer Photovoltaic Devices
Triptycene-based Polymers as Surfactant Additives for BHJ Devices
2.1. Introduction
Polymer solar cells have attracted significant research interest due to their light weight,
flexibility, customizability with diverse material choices, ease of processing, and potentially low
cost.49-52 A common architecture of polymer solar cell is bulk heterojunction (BHJ), in which a
donor and an acceptor are mixed together to form a nanoscale phase separation and bi-continuous
interpenetrating network. 2 8 The structure of the components in the BHJ and their solid-state
morphology are the crucial factors that determine the performance of solar cells, indicated by their
power conversion efficiency (PCE). Thus, the design and synthesis of donor and acceptor materials
have been studied and optimized extensively.2,
2 9
,
53
-
59
In addition to the intrinsic properties of the bulk donor and acceptor materials, the
architecture and morphology of the active layer also play important roles in the device
performance. 6 62 According to the commonly accepted mechanism, upon light absorption,
excitons form in the more absorbing polymeric donor and then migrate to the heterojunction, where
they dissociate into electron and hole pairs. The charges will then move to the respective
electrodes, forming an electric current. 2 2 ,6 3 The efficiency of these charge transfer and migration
processes determines the current density (Jsc) which affects the power conversion efficiency
(PCE) of the solar cells.
Given the low dielectric constants of the organic materials, morphology control of the BHJ
is essential to minimize charge recombination, which hinders the efficiency of the solar cells. 4' 6 5
The device performance is highly sensitive to the crystallinity as well as the size of the polymer
domains.6 6 6 7 There have been many studies to control the morphology of the active layer, with
processing additives as a notable approach. The incorporation of a minority component in the
active layer can have a significant impact on the device performance. For example, solvent
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additives with high boiling point or selective solubility of active materials have been demonstrated
to improve the self-organization of polymer chains and the phase separation of donor and acceptor
in BHJ. The reported solvent additives include chlorobenzene,4 2 1,8-diiodooctane,4 0 6 -70
nitrobenzene,7 1 alkane-dithiol,7 2 '7 3 and 1-chloronaphthalene.7 4 76 Compared to the solvent
additives, structurally designed additives are less explored. An example of such designer additives
is reported by Tada et al. ,'45 where the selective deposition of fluoroalkyl-functionalized P3HT or
PCBM at the interface of bilayer OPV induces interfacial dipole moments. Another example of
side-chain-functionalized polymer additives was reported by Lobez et al.,44 which describes that
dipoles at the BHJ interface are induced by designer polythiophene additives and consequently
enhance charge collection. A report on fullerene additives with polystyrene tethers 77 demonstrated
that the film morphology is improved and the size of fullerene domain is reduced by the addition
of the fullerene derivatives, resulting in the enhanced lifetime and efficiency. Another example of
synthetic additive is a self -assembly of alkylated triptycene molecules which in PffBT4T:PCBM
cells. 78 The triptycene molecules are thought to act as nucleation sites for the polymers, enhancing
crystallinity in the polymer domain, and thus improving Jsc and PCE.
As suggested by the above examples, interfacial properties are critical for the performance
of polymer/fullerene BHJ devices. These devices are generally very sensitive to small changes in
composition or processing conditions,79 which makes reliable reproducibility a challenge for both
academia and large-scale industrial production. Although solvents additives can help fine-tune the
BHJ morphology, their effectiveness are not as reliable as a result of their volatility. 46
Herein we present a strategy to improve the interfacial charge separation in BHJ polymer
photovoltaics employing minority polymer additives. Our goal is to create a general solution to
improve the interface of state-of-the-art BHJ devices. In this study, we tested our additives on
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devices with the active layer consisting of PTB7, Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b'] dithiophene-2,6-diyl} {3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl 1),
and PC71BM (Figure 2.1).
0 0
S S
OOF0
PTB7
PC71BM
Figure 2.1: Chemical Structures of PC71BM and PTB7
The previously reported additives improved the morphology of the active layer in different
ways, including improving the quality of the interface, controlling the polymer/fullerene domains'
sizes, and improving crystallinity in the polymer domain. To fulfill these functions, the designed
additives must have selective and strong interactions with the donor and acceptor bulk materials,
while having some rigidity to facilitate alignment in the polymers. Our designed additives are
conjugated polymers containing triptycene groups at regular intervals. We hypothesize that the
rigid planar backbone will allow the additives to integrate with the majority donor polymers, while
the non-planar triptycene groups will favor the placement of the additives at the heterojunction
interface. This organization is also promoted by known favorable 7-interactions between the
fullerenes and the concave aromatic surfaces of the triptycenes. 80-8 1 Hence, these additives are
expected to improve the interaction between donors and acceptors at the interface and promote
charge transport, as outlined in Scheme 2.1. We found that these additives result in an
improvement of short-circuit current, fill factor, and overall efficiency of the devices. In addition,
we observed that these tailored additives also provide for robust interfacial properties of PTB7:
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PCBM devices and minimize variances from processing and/or minor compositional differences.
The results illustrate how additives can solve batch-to-batch reproducibility issues, which is crucial
for the industrial production of the solar cells.
S * Fullerene-based acceptor
' -%F Triptycene-based polymer additive
Polymer donor
Scheme 2.1: Design for Interfacial Additives for BHJ Solar Cells
2.2. Results and Discussion
2.2.1. Synthesis of Additives
2.2.1.1. Monomer Synthesis
Scheme 2.2 shows the synthesis of the triptycene core of the polymer additives. Compound
5 was prepared according to the procedure reported by our group with similar yields. 82 The
commercially available compound 1,4-diaminoanthraquinone 1 was converted to 1,4-
dibromoanthraquinone 2 via the Sandmeyer reaction. The product was then subjected to a
nucleophilic addition reaction with lithium (triisopropylsilyl) acetylide to produce 3, followed by
deprotection with tetrabutylammonium fluoride to give the syn-dialkyne compound 4, which
underwent a [2+2+2] reaction with 1-decyne to form 5. Compound 5 was coupled with 3-
methoxythiophene-2-boronic acid pinacol ester via a Suzuki reaction. Finally, acid-catalyzed
cyclization reaction was used to form compound 7.83 The electron-rich monomer 7 can be
-40 -
Chapter 2
Chapter 2 Triptycene-based Polymers as Surfactant Additives for BHJ Devices
brominated at the 2-thiophene positions using a mild reagent such as NBS to furnished monomer
8 with high yields. Both monomers 7 and 8 can be used to synthesize polymer additives. From the
NMR spectra of 7 and 8 in Figure 2.2 and Figure 2.3, the bromination reaction occurred with high
selectivity. In Figure 2.2, the -protons on the thiophene rings appear as doublets at 7.18 and 7.19
ppm and the P-protons show up as doublets at 7.08 and 7.12 ppm. For the brominated product 8
(Figure 2.3), only the p-protons are observed as singlets at 7.08 and 7.12 ppm.
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Scheme 2.2: Synthesis of Triptycene-Based Monomer
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Figure 2.3: NMR spectrum of monomer 8 (aromatic region)
2.2.1.2 Polymerization:
The polymer additives were designed with the extended triptycene unit 7 and various
comonomers with different sizes and electrochemical properties. We aimed to understand the
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effects of the comonomers' sizes and electronic properties on the additives' characteristics and
performances.
2.2.1.2.1 Homopolymer:
We expect the homopolymer to exhibit a different packing pattern from the rest of the
additives in this study. As a result of steric strain, the adjacent triptycene rings will protrude on
opposite faces of the main polymer chain, affecting the interactions between the additive and the
active materials. Scheme 2.3 illustrates the attempts at synthesizing a homopolymer from
monomer 7. Because of the electronic similarity between monomer 7 and thiophene, we first
adopted established polythiophene synthesis strategies to form the homopolymer, namely
electrochemical and oxidative polymerization with iron(III) chloride. 84 Electrochemical
polymerization of 7 was carried out in an electrolyte containing 0.1 M TBAPF6 in acetonitrile with
an indium tin oxide (ITO) coated glass substrate as the working electrode. From initial cyclic
voltammetry experiments on monomer 7, the oxidation of 7 occurs at 0.6 V and 1.3 V with respect
to the Ag/Ag' reference. The reactions were carried out with cyclic voltammetry from 0-0.6 V as
well as at a fixed voltage of 0.6 V. The reaction mixture changed from light yellow to blue and
purple. An irreversible oxidation peak was observed in the cyclic voltammogram. However, the
reactions did not produce a sufficiently stable film on the ITO substrate to allow for
characterization. In addition, the soluble material in the solution decomposed upon exposure to
ambient atmosphere, presumably the polymer is doped and reacted with water. Oxidative
polymerization of monomer 7 with iron(III) chloride gave primarily the dimer and trimer.
The homopolymer synthesis was also carried out using transition-metal catalysts via a Stille
polycondensation of monomer 8 and bis(tributyltin). Using Pd2(dba)3 with P(o-tolyl)3 (1 equiv of
phosphine per Pd) as a catalyst gave oligomers with slightly higher molecular weights than with
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Pd(PPh3 )4 , as a result of the inhibition of the reaction by the higher PPh3 in the latter. However, the
molecular weights of these oligomers as measured by gel permeation chromatography (GPC) using
THF as the solvent were low (c.a. 2500 g/mol). When preparing the polymer solutions, we noticed
that the polymer was only partially soluble in THF. The oligomers with higher molecular weights
are less soluble, leading to an apparent underestimation of the average molecular weight. It is likely
that the low solubility of the homopolymers limits the extent of polymerization.
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Scheme 2.3: Synthesis of Homopolymer P1
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2.2.1.2.2 Copolymer Synthesis:
We incorporated comonomers with different sizes and electronic properties to determine the
effects of the distance between triptycene units and the electronic properties of the comonomers
on the additive performance. The copolymer syntheses were performed with various methods, with
an emphasis on direct arylation polymerization (DArP). DArP does not rely on organometallic
reagents and can avoid lengthy functionalization sequences. Unlike traditional coupling reactions,
DArP also does not generate a stoichiometric amount of organometallic waste. These advantages
make DArP a more economical and environmentally friendly polymerization method, suitable for
green chemistry. 8 5 DArP was used to synthesize polymers with the triptycene-based monomer 7
or 8 and comonomers with a range of different electron affinities.
2.2.1.2.2.1 Copolymer Synthesis with Fluorene Derivative
Fluorene was selected as a comonomer as it is less electron rich than thiophene-based units,
and it also gives a different spacing between the triptycene units. Direct arylation polymerization
with dibromofluorene at C-2 thiophene on monomer 2 using palladium acetate catalyst afforded a
polymer with a molecular weight of 22 kDa, as shown in Scheme 2.4.86
CSH 17
C8H 17  Pd(OAc) 2  / 0 . S
PCy3HBF4PivOH0 - CBH 17 CSH 17  K2C03  -
.. /Br Br toluene, 110 *C * S
o -~62%
Mn = 22 kDa C8H 17  \
S PDI= 1.4 C1H17 -
7
P4
Scheme 2.4: Synthesis of P4
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2.2.1.2.2.2 Copolymers with thiophene derivatives
Thiophene was examined as for its use as a common moiety in p-type semiconducting
organic polymers. Thiophene should also have different effects on the bandgap and distance
between the triptycene groups as compared to the other moieties. The Stille polycondensation
reaction between momomer 8 and 2,5-bis(trimethylstannyl)thiophene produced an oligomer P2
which was highly insoluble in most common organic solvents, and exhibits only slight solubility
in dichlorobenzene at room temperature (Scheme 2.5). Insights to the molecular weight of this
oligomer was determined using MALDI-TOF, which gave an upper bound of 4800 g/mol. The
strong intermolecular interactions in it-conjugated polymers can limit the molecular weight of
materials that can be brought into the gas phase under these measurements. The soluble fraction
only has a low molecular weight M. = 1500, which is consistent with dimers.
CaH17
C8H17 \
C H 1 7 B r M eS n S S n M e 3 / S
/ Q S S Pd(PPh3 )4Cul o
0 - toluene, 100 *C S80%
S Mn = 1.5 kDaPD1 = 1.2 S \
Br (M, = 4.8 kDa (MALDI-TOF) P2
Scheme 2.5: Synthesis of P2
Suspecting that the polymerization reactions were limited by solubility issues, use of 2,5-
dibromo-3-hexylthiophene as the comonomer was explored in subsequent reactions. Direct
arylation again proved to be a more attractive polymerization method for lower toxicity and ease
of purification of the polymer product. However, the same conditions used to prepare P4 only
afforded an oligomer with three repeating units. The differences in the two DArP reactions
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suggests that the electronic properties of the dibrominated substrates influence the arylation step.
When Herrmann's catalyst was used with tris(o-anisyl)phosphine as the catalyst, the molecular
weight of the product was notably higher. The higher molecular weight could be attributed to the
higher stability of the catalyst at high temperature.87 The electron-rich and coordinating phosphine
ligand might also play a role in improving the conversion. 87 Scheme 2.6 shows a summary of the
attempts to produce a high molecular weight copolymer with thiophene derivatives.
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Scheme 2.6: Synthesis of P3
2.2.1.2.2.3 Copolymer Synthesis with benzodithiophene derivatives
We were interested in this benzodithiophene as a comonomer as it is the same moiety as the
donor unit in PTB7, one of the best performing p-type polymers currently. 88 The similarity has the
potential to induce a stronger interaction between the polymer additive and PTB7. The polymer
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synthesis was pursued with both via Stille polycondensation and direct arylation polymerizations.
Direct arylation polymerization using the same conditions for the P4 with monomer 8 and 4,8-
bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b]dithiophene proceeded with low yield and formed mostly
dimer as the product.8 6 Switching the starting materials to monomer 7 and 2,6-dibromo-4,8-bis((2-
ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene produced similar results. The more electron-rich
nature of the substrates could be a reason for this difference in reactivity.
Alternatively, the polymer synthesis was also carried out via Stille polycondensation using
monomer 8 and (4,8-bis((2-ethylhexyl)oxy)benzo[ 1,2-b:4,5-b']dithiophene-2,6-
diyl)bis(trimethylstannane) to primarily produce trimers. At this stage we determined that direct
arylation was the polymerization method of choice for this polymer.
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Scheme 2.7: Synthesis of P5
From the direct arylation polymerization reactions in this study, we observed that the
degree of polymerization (DP) was higher with less electron-rich bromoaryls such as fluorene.
With more electron-rich dibromoaryls, we could only isolate low-molecular-weight oligomers.
This trend is also reflected in studies by Leclerc and coworkers.8 9 Similarly, in the studies by
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Thompson and coworkers, when the more electron-deficient dibromoaryls were used (fluorene
versus EDOT (3,4-ethylenedioxythiophene)), it was found that the degree of polymerization
improved.9 0 In some cases, such as with P2, an insoluble fraction was observed. We observed that
the DP decreases with increases in the electron-rich nature of the dibromoaryl component, from
P4, to P3, P2 and finally to P5. The slight improvement of DP from P3 to P2 is possibly the result
of the higher solubility from the additional alkyl chain on the thiophene. One possible cause for
this low DP is the activation of additional C-H bonds leading to branching of the oligomer chains
which limits their solubility and affects the stoichiometry required for high DP in step-growth
polymerization reactions. Insoluble polymers can also sequester catalyst rendering it inactive.
Some studies have shown that the use of more bulky carboxylates such as the in situ generated
conjugate bases of nondecanoic acid or bulky phosphine ligands such as tri(o-tolyl)phosphine
(over tetrakis triphenylphosphine), increase the selectivity for X- hydrogen on thiophene. 91 The
addition of nondecanoic acid to the synthesis of P3 only leads to a slight improvement in molecular
weight (from 1.7 to 2.5 kDa). In some cases, the selectivity of the polymerization reactions can be
studied from the polymer NMR or UV-Vis.
2.2.2 NMR Characterization
The NMR spectra were obtained from chloroform solutions and 1,2-dichlorobenzene
solutions for less soluble polymers. In most of the NMR spectrum of these polymers, a broad peak
was observed from 7.08 to 7.20 ppm. The DP of the polymers as measured by GPC was in
agreement with the characteristics of the aromatic peaks in the NMR spectra. In polymers with
higher DP such as P4, the proton NMR spectra have broader peaks. As a result of the overlap of
the a and P protons on the triptycene monomer and the other protons, it was difficult to analyze the
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structural integrity of the polymer and determine the position of arylation on the triptycene
monomer via NMR. The representative NMR spectra are shown in the experimental section.
2.2.3 Photophysical and Electronic Properties of Additives
The optical properties of the polymers were studied with UV-Vis spectroscopy and
photoluminescence measurements. The polymer solutions were prepared by dissolving in
chloroform while the solid-state samples were prepared by spincoating 10mg/mL chloroform
solutions onto glass substrates. The solid lines represent the absorbance (blue) or emission (red)
of the polymers, whereas the dashed lines represent their photophysical properties in thin film on
glass substrates. Figure 2.1 shows the absorption-emission behavior of the monomer 7 in
chloroform solution. The peaks at 250-280 nm that are commonly observed for triptycene are still
present in this spectrum. However, the most prominent peaks are at 340, 360 and 380 nm. The
extended conjugated system enforced by planarization on one triptycene wing leads to a red shift
in absorption of the monomer. The rigidity enforced by cyclization gives rise to well resolved
vibronic bands because of restricted geometry. The overlap between the absorption and emission
spectra leads to some reabsorption of the monomer from 384 to 400 nm relative to the published
spectrum, 83 causing the decrease in the emission intensity at 393 nm and breaking the expected
mirror symmetry of the absorption- emission spectra.
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Figure 2.2 shows the absorption and emission of the homopolymer P1 in thin film. With
a low degree of polymerization, P1 is highly soluble in most solvents, making it difficult to
separate the monomer from the oligomer. As a result, the absorption and emission peaks were still
observed in the solution spectra, which were omitted for clarity. From Figure 2.2, the oligomer
absorption maximum occurs at 484 nm, which is red shifted compared to the monomer, as a result
of increased conjugation length in the oligomer backbone.
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Figure 2.2: Absorption-Emission Spectra of Homopolymer P1 in Thin Film. Excitation at 482
nm.
Polymer P2 has broad absorption bands at higher wavelengths of 545 and 592 nm,
suggesting longer conjugation length in polymer P2. This is expected from the higher molecular
weight of P2 compared to P1. The monomer absorption peaks were not observed in the solution
or thin film spectra of P2. Similar to P1, the solid-state absorption and emission bands in P2 appear
broader and slightly red shifted, with the latter suggesting that there is improved planarization in
the solid state. The broader peaks and higher wavelength could also be the result of a
heterogeneous structure containing polymer aggregates (particles) resulting from the low solubility
of P2. The solution of P2 was prepared by dissolving the oligomer in chloroform at high
temperatures, but when the solution was cooled down, the solution turned slightly cloudy.
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Figure 2.3: Absorption- Emission Spectra of Polymer P2 in Chloroform Solution (Solid) and Thin
Film (Dashed). Excitation at 546 nm.
Similar to P2, P3 has low molecular weights and a high solubility which hinders the
separation of P3 from the residual monomer. Figure 2.4 below only shows the absorption and
emission of the thin film for clarity. Going from P2 to P3, there was a significant change in optical
properties when an alkyl group was introduced to the thiophene comonomer. Polymer P3 has a
broad absorption band from 300-500 nm, with the monomer peaks still visible in the absorption
spectrum. The solid-state absorption band is slightly broader than that of the solution. In solid
state, the oligomer's emission appears as a sharp peak with a maximum at 611 nm.
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Figure 2.4: Absorption-Emission Spectra of P3 In Thin Film On Glass Substrate. Excitation at
388 nm.
The polymer P4 absorption bands appear at 471 and 512 nm, significantly longer
wavelengths than the other oligomers. This is most likely due to the higher conjugation length as
a result of higher molecular weight of P4. The monomer absorption peaks are not observed in the
absorption-emission spectra of P4. The fine absorption structure of P4 is similar to the portion at
longer wavelengths of P1 and P2. The solid-state sample has slightly broader absorption and
emission bands and higher Stoke shift (90 nm) than that observed in solution (51 nm).
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Figure 2.5: Absorption-Emission Spectra of P4 In Chloroform Solution (Solid) and Film
(Dashed). Excitation at 471 nm.
The absorption of oligomer P5 occurs at low wavelengths with a maximum at 400 nm, with the
monomer absorption peaks still present in the absorption spectrum. Due to the low molecular
weight and an apparently low conjugation length, P5 solution absorbs at shorter wavelength
(around 400 nm). The thin film of P5 has similar absorption to that of P2. The emission profile of
P5 is similar to that of P2.
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Figure 2.6: Absorption-Emission Spectra of P5 in Chloroform Solution (Solid) and Film
(Dashed). Excitation at 388 and 480 nm Respectively.
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Table 2.1: Polymerization Method, Molecular Weight Distribution, Photophysical, and Band
Energies of Polymer Additives
Additive Method Mna kmax(s)b (f) Lonsetf Eopt Eox d HOMO* LUMOf
g
(kDa)/ (nm) (nm) (nm) (eV)
(eV)
D
P1 oxidation 1.4/ 1.5 469 481 592 2.10 0.53 -5.33 -3.23
P2 Stille 4.9 592 599 665 1.87 0.68 -5.48 -3.61
P3 DArP 5.1/1.7 421 429 608 2.04 1.02 -5.82 -3.78
P4 DArP 26/ 1.4 471, 473, 532 2.34 0.88 -5.68 -3.34
502 503
P5 DArP 1.7 421 531, 612 2.03 0.58 -5.48 -3.45
566
aMolecular weights were measured relative to polystyrene standard in heated column at 60 'C
b(S) and (f) refer to solution and film
cThe optical bandgap Eopt was estimated from the onset of the absorption of thin filmg
dEox was estimated from cyclic voltammetry of the polymer film
'HOMO was calculated according to the formula: EHOMO = (Eox + 4. 8)(eV)
fLUMO was calculated as HOMO+Eopt
g
2.2.4 Electrochemical Characteristics of Additives
The redox properties of the polymers/oligomers were studied via cyclic voltammetry. The
measurements were performed on polymer films with 0.1 M TBAPF/acetonitrile as the electrolyte
and a scan rate of 100 mV/s. The oxidation potentials of the oligomers were measured relative to
an internal ferrocene standard. The highest occupied molecular orbital (HOMO) was calculated
based on the formula HOMO = -(4.8+ Eox) eV, where E X was the oxidation potential relative to
ferrocene.
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The oxidation potentials of the oligomer additives were measured by cyclic voltammetry
from -0.5 to 1.5-2 V vs. Fc/Fc' (Figure 2.7). The oligomers have similar oxidation potentials,
except for P3. Due to the electron rich planarized triptycene unit, the oxidation potentials of the
oligomers are lower than that of polythiophene derivatives or other triptycene-containing polymers
and monomers. 92 ,93 ,83 The electron affinity of the comonomers has a high impact on the oxidation
potential of the oligomers, as reflected in the cyclic voltammograms. P1 has the lowest oxidation
potential, followed by P5, P2 and P4, corresponding to the relative electron donating properties of
the comonomers: Monomer 7, benzodithiophene, thiophene, and fluorene.
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Figure 2.7: Cyclic Voltammograms of Oligomner Films Drop-Casted on ITO-Coated Glass
Substrates With 0. 1 M N-Bu4PF6 in Acetonitrile at 100 mV/s
The HOMO energy levels of the additives were calculated based on the oxidation potentials
of the oligomers and the LUMO were calculated based on the onset of UV-Vis absorption. The
summary of their bandgaps is illustrated in Figure 2.8 below. It is worth noting that the HOMO
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and LUMO of all the additives are between those of PTB7 and PC7oBM.94 Based on these relative
energy levels, the additives are not expected to trap charged carriers.
-3.0
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>-4.0
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-5.0-
-5.5
-6.0
PTB7 P1 P2 P3 P4 P5 PC7OBM
Figure 2.8: HOMO-LUMO Energy Diagrams of Additives. The MO Energy Levels Were Scaled
Relative to The Vacuum Level Set to Zero.
2.2.5 Thermal Properties of Polymers
The thermal properties of the polymers were studied with thermal gravimetric analysis
(TGA) and differential scanning calorimetry (DSC). From the TGA data in Figure 2.9, most of
the oligomers are stable up to 450 'C, with the exception of P3. P3 has a lower decomposition
temperature, with 5% mass loss at 300 'C. The high thermal stability of the oligomer additives
means that they should be unaffected during the thermal annealing process involved in device
fabrication process. From the Differential Scanning Calorimetry results shown for the materials in
Figure 2.10, it is clear that some organizational changes take place in the first scan. However, in
subsequent scans the additives do not have discernable glass transition or melting peaks,
suggesting that they are in a highly disordered amorphous state. The presence of bulky triptycene
groups disrupts strong 7r-n stacking typical in many conjugated polymers, making it easier for the
additives to associate with the bulk materials in the OPV at the interface.
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Figure 2.9: Thermogravimetric Analysis (TGA) Results of Oligomer Additives, Scan Rate 10
'C/Minute
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Figure 2.10: Differential Scanning Calorimetry Results of Additives, Scan Rate 10 'C/min.
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2.2.6 Photovoltaic Performance of Polymer Additives
We have fabricated bulk-heterojunction (BHJ) photovoltaic devices with Poly({4,8-bis[(2-
ethylhexyl)oxylbenzo[1,2-b:4,5-b']dithiophene-2,6-diyl} {3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7) and [6,6]-phenyl-C71-butyric acid
methyl ester) ([70]PCBM) as the photoactive components. 94 The device fabrication process was
optimized by varying the ratio of donor/acceptor, concentration, spin coating and annealing
process. The architecture of the devices is shown in Figure 2.11 below.
L +V itve)
PEDOT: PSS
ITO
Glass
Figure 2.11: Architecture of Bulk Heterojunction (BHJ) Photovoltaic Devices
2.2.6.1 The Order of Mixing:
We attempted different methods of incorporating the polymer additives into the active
layers. From Figure 2.12 below, pre-mixing the polymer additive with the fullerene acceptor led
to better device performance than pre-mixing the additive with the polymer donor. This procedure
allows the triptycene-containing polymers and fullerene molecules more time to organize. Given
the strong interaction between fullerene and triptycene, pre-mixing the triptycene-containing
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polymer additives with the fullerene acceptors allows for more efficient packing of the additives
in the active layers.7 8 95
0
E
55 -5
0
-15 L . . ,
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Voltage (V)
Figure 2.12: Current - Voltage (J-V) Characteristics Of BHJ Devices of PTB7:PC71BM with
0.25w% of P1 Additive
2.2.6.2 Concentrations
During the initial screening, we fabricated devices with additive loadings ranging from 0.1
to 2% by weight relative to the acceptor. As shown in Figure 2.13 and Figure 2.14, the loading
of both additives P1 and P5 have been optimized. The same trend was observed with the other
polymers tested. The improvement in PCE increases with additive concentration, from 0.1% to
0.25% and then decreases at 1% loading. The additive's influence on the device's performance
increases at low concentrations. However, at higher concentrations, the additives exacerbate phase
separation and hinder charge separation. With this trend, we continued the study with a fixed
additive loading of 0.25 weight %.
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Figure 2.14: J-V Characteristics Of Devices With P5 Additive At Different Concentrations
2.2.6.3 Comparison between Polymer Additives
The JV characteristics of the devices are summarized in Figure 2.15 and the parameters in
Table 2.2. Figure 2.16 summarizes the PCE of over 100 devices tested in this experiment. All of
the additives improve the PCE by at least 10%. The improvement in PCE comes mainly from a
rise in the short circuit current density (Jsc). The most significant improvement comes from
polymer P2, with a 30% increase in PCE. The improvement with P2 is in part the result of an
increase in the fill factor. These changes reflect an increase in current flow, which suggests an
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enhancement in charge separation at the interfaces and/or transport in the active layer, as expected
from the improvement of morphology. There is no significant systematic change in Voc, but Voc
decreases slightly in some cases. Since the amount of additive used is small (0.25%), we do not
expect significant change in the energy levels of the bulk materials.
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Figure 2.15: J-V Characteristics With 0.25wt% Additives (Average)
Table 2.2: Parameters of OPV Devices with 0.25 wt%
1.0
Additives
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Jsc Voc (V) FF PCE(%)
(mA/cm 2)
No additive 10.99 0.750 0.55 4.52
P1 10.91 0.730 0.62 4.98
P2 11.77 0.73 0.69 5.89
P3 11.98 0.730 0.57 5.01
P4 11.26 0.710 0.63 5.05
P5 11.63 0.730 0.64 5.40
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Figure 2.16: PCE of BHJ Solar Cells with 0.25 Wt% Additives. The boxes represent the 25th,
median and 75th percentiles. The whiskers represent the 5th and 95th percentiles. The small
squares represent the mean values.
22.6.4 Comparison to DIO as Additives for BHJ Devices:
To evaluate the additives' performance, we also tested them against 1,8-diiodooctane
(DIO), one of the most frequently used processing additives for polymer fullerene devices.68
Figure 2.17 below shows the PCE of devices fabricated with our polymer additives and DIO in
their optimized conditions. From Figure 2.17a, most of the additives, including DIO, improve the
PCE of the devices. From Figure 2.17a, the additives P1, P2, P5 give rise to a larger increase in
PCE than DIO. With P3 and P4, the increase in PCE is not as significant, but the device-to-device
variance is smaller than in devices without additives. From Figure 2.17b, a combination of the
polymer additives and DIO leads to a decrease in PCE. With the higher PCE and smaller variance,
the polymer additives are potentially better alternatives to DIO in improving and maintaining
device performance.
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Figure 2.17: PCE of Devices with 0.25 Wt% Polymer Additives. a) without DIO b) with DIO.
The boxes represent the 25th, median and 75th percentiles. The whiskers represent the 5th and
95th percentiles. The small squares represent the mean values.
2.3 Conclusions
We have designed and synthesized a class of conjugated polymers with an extended
triptycene unit as additives for BHJ solar cells. From our preliminary testing results, the oligomer
additives show improvement in PCE by 10-30%. These improvements from oligomer additives
are comparable, and in some cases better, than the common processing additive DIO in BHJ solar
cells. The improvement in device performance is attributed to the increase in Jsc, which strongly
correlates to the charge separation at the interfaces. We envision these tailored additives to be
efficient tools to enhance and ensure consistent performance in BHJ devices based on fullerene
derivatives and the diverse array of conjugated polymers with "nematic-type" organizations.
2.4 Experimental Section
2.4.1 General Methods and Materials
All reagent grade materials were purchased commercially and used without further
purification unless otherwise stated. All air- and water-sensitive syntheses were performed in
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flame-dried flasks under an inert atmosphere with nitrogen using standard Schlenk techniques.
Tetrahydrofuran, dichloromethane, and toluene were dried over activated alumina columns and
stored under argon over 3 A or 4 A molecular sieves. Column chromatography was performed
with silica gel (40 pm) was purchased from SiliCycle. 'H (and 13C) NMR spectra were recorded
at 400 MHz (and 100 MHz) using Bruker AVANCE-400. Chemical shifts are reported in ppm and
referenced to residual NMR solvent peaks. GPC measurements were performed in tetrahydrofuran
with polystyrene standards. The UV-Vis absorption spectra were recorded using a Varian
Cary6000i instrument. The fluorescence spectra were recorded with a Horiba Fluorolog
spectrofluorometer. The cyclic voltammetry experiments were carried out using Pine lab
Wavenow Potentialstat. The thermoproperties of the polymers were studied with a Discovery
Thermogravimetric Analyzer and a Discovery Differential Scanning Calorimetry.
2.4.2 Synthesis of Triptycene-Based Polymers
Synthesis of monomer 7
C8H17
0 S
0
'H NMR (500 MHz, CDCl 3) 6 7.70 - 7.63 (m, 2H), 7.56 (d, J = 7.6 Hz, 1H), 7.49 (d, J= 1.5 Hz,
1H), 7.18 (dd, J= 7.3, 5.4 Hz, 2H), 7.13 (dd, J= 5.5, 3.1 Hz, 2H), 7.11 (d, J= 5.4 Hz, tH), 7.08
(d, J= 5.3 Hz, 1H), 6.94 (dd, J= 7.6, 1.6 Hz, 1H), 6.76 (s, 2H), 2.62 - 2.51 (m, 2H), 1.63 - 1.47
(m, 2H), 1.34 - 1.16 (m, 1OH), 0.87 (t, J = 7.0 Hz, 3H). "C NMR (126 MHz, CDCl3) 6 151.61,
151.57, 143.96, 143.84, 143.62, 141.10, 141.04, 132.87, 132.71, 125.84, 125.79, 125.58, 122.86,
122.84, 122.39, 120.53, 120.28, 120.25, 120.19, 119.48, 119.45, 117.59, 117.57, 112.06, 112.00,
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84.34, 84.30, 36.21, 32.11, 31.91, 29.72, 29.67, 29.48, 22.90, 14.36. HRMS (ESI, m/z): [M + H]+
calcd for C 3 6H3 002S2: 559.1760, found 514.1748.
Synthesis of Monomer 8
CBH17
Br
0 -
'o -~
0
SS
Br
N-bromosuccinimide (2 equiv) was added to a solution of monomer MI in DMF. The mixture was
stirred at room temperature for 12 hours.
'H NMR (400 MHz, Chloroform-d) 6 7.60 (m, 2H), 7.49 (d, J = 7.6 Hz, IH), 7.42 (s, 1H), 7.14
(dd, J= 5.5, 3.1 Hz, 2H), 7.10 (d, J= 12.0 Hz, 2H), 6.94 (d, J= 6.5 Hz, 1H), 6.63 (s, 2H), 2.60 -
2.51 (m, 2H), 1.25 (d, J = 13.6 Hz, 12H), 0.90 - 0.81 (m, 3H). "C NMR (126 MHz, CDCl 3) 6
150.14, 150.11, 143.56, 143.44, 143.26, 141.28, 140.72, 132.71, 132.55, 126.02, 125.97, 125.76,
122.65, 122.62, 121.74, 120.48, 120.25, 120.21, 120.16, 117.41, 113.51, 113.47, 111.21, 84.18,
36.20, 32.10, 31.90, 29.71, 29.66, 29.48, 22.89, 14.36. HRMS (ESI, m/z): [M + H]' caled for
C3 6H 2sBr2O2S2: 716.9963, found 514.9966.
Synthesis of Polymers
Synthesis of P1
Solid FeCl 3 (2.2 equiv) was added to a solution of monomer 7 (1 equiv) in dry chloroform at room
temperature. The solution turned from yellow to dark blue immediately. After 2 hours, aqueous
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ammonia solution was added to the reaction mixture. The mixture turned from blue to red. The
organic layer was extracted with dichloromethane and water, dried over anhydrous sodium sulfate,
concentrated and then precipitated in methanol to give a dark red solid. The oligomer P1 has M,
= 2.5 kg/mol (GPC).
Synthesis of P2:
Pd tetrakis (0.1 equiv) was added to a solution of monomer 8 and 2,5-
bis(trimethylstannyl)thiophene in toluene. The reaction was run on reflux condition for 48 hours.
The solvent was removed in vacuo. The product was dissolved in 20 ml of DCM and precipitated
in 500 ml of methanol. A purple solid was collected.
Synthesis of P3:
Monomer 7 (1 equiv), 3-hexyl-2,5-dibromothiophene (1 equiv), potassium carbonate (1.5 equiv),
pivalic acid (0.3 equiv), palladium (II) acetate (0.06 equiv), and tricyclohexylphosphine
tetrafluoroborate (0.12 equiv) was added to a flask and purged with nitrogen gas in 3 freeze-pump-
thaw cycles. Toluene was then added to the flask and the reaction was run on reflux for 24 hours.
The solvent was removed in vacuo. The mixture was precipitated in methanol to form a red solid.
Synthesis of P4:
Monomer 7 (1 equiv), 2,7-dibromo-9,9-dioctyl-9H-fluorene (1 equiv), potassium carbonate (1.5
equiv), pivalic acid (0.3 equiv), palladium (1I) acetate (0.06 equiv), and tricyclohexylphosphine
tetrafluoroborate (0.12 equiv) was added to a flask and purged with nitrogen gas in 3 freeze-pump-
thaw cycles. Toluene was then added to the flask and the reaction was run on reflux for 24 hours.
The mixture was precipitated in methanol to form a bright orange solid.
Synthesis of P5:
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Monomer 8 (1 equiv), 4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene (1 equiv),
potassium carbonate (1.5 equiv), pivalic acid (0.3 equiv), palladium (II) acetate (0.06 equiv), and
tricyclohexylphosphine tetrafluoroborate (0.12 equiv) was added to a flask and purged with
nitrogen gas in 3 freeze-pump-thaw cycles. Toluene was then added to the flask and the reaction
was run on reflux for 24 hours. The mixture was precipitated in methanol to form a red solid.
2.4.3 Photovoltaic Experiments
24.3.1 Device Fabrication
Patterned ITO substrates (Thin Film Devices, 150 nm thick, 20 Q/sq, 85%T) were cleaned by
sonication in DI water with soap (Micro-90, Cole-Parmer), DI water, acetone and isopropanol,
followed by oxygen plasma cleaning (100 W, Plasma Preen, Inc.) for 2 minutes.
Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS) (Clevios TM P VP Al
4083) was deposited on ITO by spincoating at 4000 rpm for 1 min and annealed at 150 0C for 10
min in air. Chlorobenzene with 3 % diiodooctane (DIO) was prepared as a stock solution by adding
60 pL of DIO into 1.94 mL chlorobenzene. PTB7 and PC71BM were dissolved in
chlorobenzene/DIO mixture with the concentration of 12 mg/mL and 40 mg/mL, respectively, and
the individual solutions were stirred at 70 'C for 90 min. For optimal results, two solutions were
mixed by 2:1 volume ratio to make 21.3 mg/mL total concentration and stirred at 70 0C for 60 min.
Each additive was dissolved in o-dichlorobenzene with 21.3 mg/mL concentration and added to
the PTB7:PC 71 BM blend solution by appropriate amount (from 0.1% to 5.0%). The active layer
was spun at 1000 rpm for 2 min and dried in the nitrogen-filled glovebox for 3 h, then under
vacuum for 1 h. The mixing ratio, duration of solution heating, spin-coating conditions, and drying
conditions were varied to optimize the devices. Calcium (25 nm) and aluminum (100 nm) top
- 69 -
Chapter 2
Triptycene-based Polymers as Surfactant Additives for BHJ Devices
electrodes were thermally evaporated through shadow masks at a base pressure of 2 x 10-6 Torr
with rates of 0.5 A/s and 1.0 A/s, respectively.
2.4.3.2 Device Characterization
Current-voltage characteristics of the solar cell devices were recorded in a nitrogen-filled glove
box using a computer-controlled Keithley 6487 picoammeter source-meter. 100 mW/cm 2
illumination was provided by a 150 W xenon arc-lamp (Newport 96000) equipped with an AM
1.5G filter.
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2.5 Appendix
2.5.1 NMR spectra
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Figure 2.18: 1H NMR of 7 in CDC13
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Figure 2.19: 13C NMR spectrum of 7 in CDC13
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Figure 2.20: 'H NMR of 8 in CDC1 3
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Figure 2.21: 13 C NMR spectrum of 7 in CDC1 3
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Figure 2.22: 'H NMR of P1 in CDC13
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Modular Synthesis of Polymers Containing
2,5-Di(Thiophenyl)-N-Arylpyrrole
This chapter was adapted and reprinted with permission from Truong, T. N. B.; Savagatrup, S.;
Jeon, I.; Swager, T. M. Modular Synthesis of Polymers Containing 2,5-Di(Thiophenyl)- N -
Arylpyrrole. J. Polym. Sci. Part A Polym. Chem. 2018, 56 (11), 1133-1139.
Modular Synthesis of Polymers Containing 2,5-di(thiophenyl)-N-arylpyrrole
3.1 Introduction
Conjugated polymer semiconductors afford many advantages over the inorganic
counterparts such as the ability to be processed through roll-to-roll fabrication, 3 robust mechanical
properties, 4 and tunability through molecular design and synthesis. 69 The ability to tune various
properties of conjugated polymers is critical to performance in specific applications, namely
organic photovoltaic (OPV), 2 organic light emitting diodes (OLED), 96-97 and organic field-effect
transistors (OFET). 98 The customization and molecular engineering can, however, require
extensive synthetic sequences that result in low yields and rely on environmentally unfriendly
methods.85, 99 Thus there is a strong need for simple, robust, and scalable routes to synthesize
modular building blocks that can be readily incorporated into a variety of conjugated polymers. 100
A common approach to fine-tune the physical properties of semiconducting polymers is to
attach sidechains and functional groups to the polymer backbone. This approach can be performed
via post-polymerization modifications or by polymerization of a functionalized monomer. 10 1
Alkylated polythiophenes are among the most popular semiconducting polymer building blocks;
and, in cases with a single alkyl chain on each repeating unit, regioregularity is a major factor that
affects polymers' solid-state structure and device performance.10 2 Site-selective Grignard
metathesis (GRIM) polymerization or direct arylation polymerization can provide regioselectivity
up to 99.3% in the production of regioregular thiophenes.- 0 3 However, the issue of
regioregularity can be avoided with the use of symmetrical monomers.
We have been interested in 2,5-dithiophenylpyrrole as a core building block to create an
expanded family of polymers. Our interest is motivated by the fact that previous studies of 2,5-
dithiophenylpyrrole-derived materials display similar conductivity to polymers containing tert-
- 77 -
Chapter 3:
Modular Synthesis of Polymers Containing 2,5-di(thiophenyl)-N-arylpyrrole
thiophenyl units, while providing an additional handle for functionalization of the pyrrole rings at
the 3,4 and N-positions."'0 N-functionalization is particularly attractive, as it can be done in a
modular manner and retain the symmetry of the unit and regioregularity of the polymer, which in
turn can influence polymer packing and performance in devices.1 0 5 McLeod et al. first accessed
2,5-dithiophenylpyrrole derivatives via the Paal-Knorr pyrrole synthesis using 1,4-dithienyl-
butanone and methyl amine starting materials.10 6 This synthetic route generally involves double
condensation reactions, using a catalytic amount of acid or an acidic solvent, which are not
compatible with some functional groups. Further efforts have extended this method to attach
different functional groups to the polymer backbone, including alkyl,1 07 phenyl, 108-111 and
pyridinyl groups. 1 2 Aryl rings can also be attached to the 2,5-dithiophenylpyrrole unit via a
linker.' 13-115 We are especially interested in the direct incorporation of N-aryl group, which allows
for electronically coupled functionality that can introduce organization by increased it-stacking or
enhance light absorption, both of which are of interest for the design of active materials in
photovoltaic devices.' 08 Furthermore, the aryl groups incorporated via this route are capable of
bearing solubilizing side chains without affecting the symmetry of the monomers. 1 4
Herein we explore a modular synthetic scheme to synthesize 2,5-di(thiophen-2-yl)-1-H-
arylpyrroles as building blocks for conjugated polymers. The monomers are produced in modular
and robust synthetic operations: attachment of alkoxyl side chains onto an aryl ring followed by a
modified Paal-Knorr reaction with a 1,4-diketone. By employing solubilizing side chains on the
monomer, we were able to incorporate different types of co-monomers without the need for
additional solubilizing side chains.
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3.2 Results and Discussion
3.2.1 Synthesis of Materials
3.2.1.1 Synthesis of Monomers
Monomers were synthesized in a modular fashion via the Paal-Knorr pyrrole synthesis as
outlined in Scheme 3.1. The 1,4-diketone component 4 was synthesized according to a literature
procedure.116 Based on modified literature procedures, the aniline component 3 is produced in
three simple steps. First, pyrogallol was alkylated via a Williamson ether reaction with the
respective bromoalkane under basic conditions to give 1.17 This method is useful for attaching a
variety of side chains to the respective phenol, enabling customization of the monomer in a
modular manner. Compound 1 undergoes facile nitration to afford the nitro compound 2 by stirring
with silica gel that has been previously treated with concentrated nitric acid."8 " 19 Reduction with
tin (II) chloride under acidic condition gives the anilinium salt in high yields. The isolation of 3
as a salt is important as the free base form of this molecule is mildly air-sensitive. These reduction
conditions provide higher yield and more stable products than those in neutral conditions with
hydrogen and palladium on activated carbon or hydrazine. The need for reduction under acidic
conditions is most pronounced on substrates with multiple electron-donating groups such as 3.
Condensation of compound 3 (R = C12H25) with 4 provides pyrrole-containing monomer
5. Previously reported examples of similar Paal-Knorr pyrrole synthesis employ acidic conditions,
with a catalytic amount of acid or with an acid as a co-solvent.104,108,116 An extensive survey by
Lacaze and co-workers showed that although an acid is required to activate the diketone, an excess
of acid might lead to formation of side products and decomposition of the main product. 2 0 We
found that acidic conditions afforded some product with our alkoxyl anilines; however the yields
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of about 20% were unacceptably low. It is likely that the low yields are the result of decomposition
of the electron-rich aniline substrate as well as hydrolysis of the ether linkages with the acidic
conditions. To alleviate this problem, we developed a procedure using pyridine as a solvent and
trimethylsilyl chloride as a dehydrating agent. Under this new condition, the anilinium salt is
activated in situ and affords higher yields in the condensation reaction, 65 - 80%. Pyridine also
captures the hydrochloric acid generated and prevents hydrolysis of the ether linkages.
Synthetic Scheme 3.1 provides access to 2,5-di(thiophen-2-yl)-1-H-arylpyrrole with a
variety of side chains and function groups as shown in Figure 3.1. The milder non-acidic
condensation conditions are critical for the derivatives containing polyethylene glycol as a side
chain, which opens up a possibility of synthesizing conducting polymers that are water-soluble. It
is also worth noting that Scheme 3.1 quickly converts inexpensive starting materials into the
desired conjugated polymers via a set of modular, robust reactions, and simple purification steps,
mainly via recrystallization. Hence, this method constitutes a scalable, economical, and
environmentally friendly synthesis of conjugated polymers. 85
OC 12H25  OC12H25
C12H250 OC1 2H25 C12H 250 OC12H 25
/\ N N
Br S S Br s s
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Figure 3.1: Chemical Structures of 2,5-Di(Thiophen-2-yl)-1-H-Arylpyrrole with a Variety of Side
Chains and Functional Groups
- 80 -
Chapter 3:
Chapter 3: Modular Synthesis of Polymers Containing 2,5-di(thiophenyl)-N-arylpyrrole
RBr OR OR
OH K2C03  OR HNO3/S10 2  RO OR SnC2, HCI RO OR
HO* OH KI 10ROj OR. 1W VP
cyclohexanone CH 2CI 2, r.t. EtOH, reflux
140 C 80-90% NO2  90-95% NH 3CI90-98%3
1 2 3
R = C12H25CH3(CH2CH 2O)4CH3
OR
OR ~RO OR
RO OR 0 TMSCI (5 eq.) ]
+ Br s Br -\ I pyridine, reflux / \ N / \
NH3 CI 65-80% BrS / S Br
3 4 5: R = C12H25
Scheme 3.1: Synthesis of Monomers
3.2.1.2 Synthesis of Polymers
Cross-coupling polymerization of monomer 5 was explored using Stille, Suzuki-Myura,
and nickel-catalyzed Grignard metathesis (GRIM) reactions, as shown in Scheme 3.2. Polymers
P1, P2, and P3 were synthesized via Stille polycondensation reaction and displayed molecular
weights 13-22 kDa. Polymers P4 and P5 were synthesized by Suzuki-Miyura and Grignard
metathesis (GRIM) polymerization reactions, respectively with somewhat lower molecular
weights. This flexibility in the choice of polymerization method facilitates the future construction
of polymer libraries based on commercially available co-monomers with different functional
groups and chemical compatibilities. The resulting polymers are soluble in dichloromethane,
chloroform, tetrahydrofuran, and dichlorobenzene. We observed that the polymers tend to
assemble in aggregates at room temperature and break up upon heating. This feature is reflected
in additional shoulder peaks in UV-Vis absorption spectra (Figure 3.2) as well as Gel Permeation
Chromatograms (GPC) (see Appendix). To prevent this aggregation, we measured the molecular
weights of the polymers using a heated GPC column at 60 'C in chlorobenzene. In these studies,
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we were not able to maintain heating at the injection point and upstream of the columns. It is
possible that polymers with higher molecular weight may have been aggregated and eliminated
upstream of the heated columns, leading to an underestimation of the bulk molecular weights
(Table 3.1).
OC12H25  OC12 H1 -i. . -
C12H250 OC12H2 Pd 2(dba)3  C12H2 0 OC 12 H2
+ MfSSn SnMe3  Po -toy) 3  P =toluene
Br Br~ sBr n1'sr's~AJ- P~A 4/ j O)A
S.5
OC12H2
C12H2sO OC12H2s
N
Br S s Br
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OC12 H-12
C121-12,5 OC12H-2F
N
Br s \ S Br
5
Pd2(dba) 3  OC12 H-12
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Cr toluene S
n
P4
PrMgC.LICI
Ni(dppe)C 2
THF
OC1 2HM2
C12H250 OC12H25
n
PS
Scheme 3.2: Polymer Synthesis from Monomer 5
Table 3.1: Polymerization Method, Molecular Weight Distribution,
Properties Of Polymers
Photophysical, and Electrical
Polymer Method Mn(kDa)a
/D
maxs)b
(nm)
max)
(nm)
Xonset (
(nm)
EoPt
E opt C
g
(eV)
Eox d
(eV)
Stille 22/1.9 530 536 620 2.00 0.32 -5.12
HOMO* LUMO'
-3.12
- 82 -
P1
Chapter 3:
Modular Synthesis of Polymers Containing 2,5-di(thiophenyl)-N-arylpyrrole
P2 Stille 13/1.8 526 529 618 2.00 0.34 -5.14
P3 Stille 15/1.8 505 526 615 2.02 0.26 -5.06
P4 Suzuki 7/2.9
P5 GRIM 8.6/1.6
606 627 750 1.65 0.31 -5.11
473 530 610 2.03 0.32 -5.12
aMolecular weights were measured relative to
b(S) and (f) refer to solution and film
-3.46
-3.09
polystyrene standard in heated column at 60 *C
'The optical bandgap Eopt was estimated from the onset of the absorption of thin filmg
dEox was estimated from cyclic voltammetry of the polymer film
eHOMO was calculated according to the formula: EHOMO = -(EOx + 4.8)(eV)
fLUMO was calculated as HOMO+Eopt fLUMO was calculated as HOMO+Eop tg g
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3.2.2 Optical Properties
Figure 3.2 shows the UV-visible absorption spectra of monomer 5 and the polymers
containing 5 in chloroform solutions. The polymer absorption peaks are substantially red-shifted
relative to 5 (Qmax = 340 nm). Polymers P1, P2, and P3 have similar absorption spectra, with
absorption peaks from 526 to 536 nm and a low-energy shoulder peak caused by aggregation of
the polymer chains in solution. This lower energy absorption is caused by aggregation-induced
planarization of the polymer backbones and potentially -stacking interactions. The shoulder peak
is the most prominent in P1, suggesting that a higher density of alkoxyl groups leads to an increase
in polymer chain aggregation.
From Figure 3.2, polymer P3 absorbs at a slightly shorter wavelength than P1 and P2. The
integration of thieno[3,2-b]thiophene to polymer backbones has been known to have diverse
effects on the electronics of the polymers. 121 1 22 In this case, a possible explanation is that the
delocalization of electrons from this fused aromatic unit into the backbone is less favorable than
from a single thiophene ring, due to the larger resonance stabilization energy of the fused ring over
the single thiophene ring. 12 2 This reduced delocalization along the backbone results in a lowering
of the polymer highest occupied molecular orbital level and thus increasing the bandgap, resulting
in a more blue-shifted absorption of P3.
In addition to the i-i* transition peak at around 405 nm, polymer P4 also has a low-energy
peak which could be attributed to the internal charge transfer between the donor and acceptor units.
This peak with the onset at 750 nm corresponds to a low bandgap of 1.65eV. These types of low-
bandgap polymers are especially useful in photovoltaic applications. 29
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Figure 3.2: UV-Vis Absorption Spectra of Monomer 5 and Polymers in Chloroform Solutions
Figure 3.3 shows the comparative absorption spectra of the polymers in solution vs. the thin
film. The absorption spectra of P1, P2, and P3 films were very similar to those of the
corresponding solutions, whereas for polymers P4 and P5, we observed a more significant red
shift in the solid state. These smaller red shifts for P1-P3 polymer chains may be related to their
greater tendency to aggregate in solution, possibly as a result of their higher molecular weights.
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Figure 3.3: Absorption Spectra of Polymer Chloroform Solutions (Solid) and Spin-Coated Thin
Films on Glass Substrates (Dashed)
3.2.3 Electrochemical properties
The redox properties of the polymers were studied via cyclic voltammetry. The measurements
were performed on polymer films with 0.1 M TBAPF/ acetonitrile as the electrolyte. The results
are summarized in Figure 3.4. The highest occupied molecular orbital (HOMO) was calculated
based on the formula HOMO = -(4.8 + E"O) eV, where E"x was the oxidation potential relative
to ferrocene.
All the polymers showed a reversible oxidation peak at 0.2-0.34V relative to ferrocene,
corresponding to HOMO levels of -5.06 - 5.12eV. The reversibility and Coulombic efficiency of
the voltammograms indicate that the polymers are stable in their oxidized states. The polymers
have lower oxidation potential than polythiophene and are comparable to other
-86-
/I
P2'
P3
P5'
Chapter 3:
o
Modular Synthesis of Polymers Containing 2,5-di(thiophenyl)-N-arylpyrrole
dithiophenylpyrrole polymers.104.106.109 P3 has the lowest oxidation potential of the polymers
investigated, which likely reflects the presence of electron-rich thieno[3,2-b]thiophene groups in
the backbone.
01
P02
P3 Gi ' -' I
-- P4
-P51
00
W 0.2 --
-1.0 -5 0.0 0.5 tO
Potential vs Fc/Fc+ (V)
Figure 3.4: Cyclic Voltammograms of Polymer Films Dropcast on ITO-Coated Glass Substrates
with 0.1M n-Bu4PF6 in Acetonitrile as The Electrolyte, Scan Rate 100 mV/s.
3.2.4 Thermal Properties
Thermal gravimetric analysis (TGA) (Figure 3.5) indicates that most of the polymers have
high decomposition temperatures at above 400 *C. The homopolymer P5 has the lowest
decomposition temperature at 300 'C. Differential scanning calorimetry results (DSC) of the
polymers revealed that most of the polymers have similar melting points of about 200 0C (Figure
3.6). Polymer P2 showed the most prominent glass transition peak, followed by P1 and P3.
Homopolymer P5 has the lowest melting point and no observable glass transition peak. This result
suggests that the high density of alkyl chains reduces crystallinity in the polymers. The high
thermal stability and lower melting temperatures of these materials present opportunities to create
melt-processed devices, reducing the need for solvent processing. 23
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Figure 3.5: Thermogravimetric Analysis (TGA) Results of Polymers, from 50 0C to 700 0 C,
Scan Rate 10 'C/Min
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Figure 3.6: Differential Scanning Calorimetry (DSC) Thermograms for Polymers, from 25 to
350 'C, Scan Rate 10 'C/min
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3.2.5 X-ray Diffraction Studies
The solid-state organization of the polymers was investigated by X-ray diffraction (XRD).
The polymers were dropcast onto silicon substrates and annealed above their glass transition
temperatures (150 C) to produce XRD diffraction peaks with the highest intensity.
The XRD diffractograms (Figure 3.7) give diffraction patterns with 3 peaks, suggestive of
a lamellar structure, similar to that of poly(3-alkylthiophene)s. All the polymers share a common
peak with 20 = 20', corresponding to a d-spacing of 4.5 A, as commonly observed for 7L-t stacking
of aromatic polymer backbones. 124 These peaks are relatively broad and hence the regularity of the
lateral interchain associations appears to be less than usually observed. Additionally, we observe
considerable diffuse scattering from the disordered alkyl sidechains that are convolved with these
signals. We also observed small peaks centered about 1.2 nm, which in some cases are at the proper
location to be a second-order diffraction from the lamellar structure (vide infra). However, we
cannot eliminate the possibility that there may be other interchain correlations with this periodic
spacing. The most prominent peaks are at low angle and are consistent with what is usually
associated with a lamellar periodic pattern driven by side-chain/main-chain segregation. 2 5 These
d-spacing distances range from 2.6-2.7 nm (Figure 3.7). Among these side-stacking peaks, P2 has
the sharpest XRD peak and the shortest d-spacing distance, followed by P3 and P1. It appears that
the greater spacing between alkyl chains in P2 results in a more regular packing. This trend is in
agreement with the thermal behaviors of the polymers as seen in the DSC results. Both the thermal
and XRD results suggest that P2 has the highest crystallinity, followed by P3 and P1. The lack of
a melting transition peak and any clear XRD peaks implies that P5 is amorphous. The trends
suggest that the extended spacing between the adjacent dithiophenylpyrrole units is necessary for
efficient interdigitation of the alkoxyl groups and stacking of the polymer chains.
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Figure 3.7: X-ray Diffractograms of of polymers P1 (a), P2 (b), P3 (c), and P4 (d)
3.2.6 Charge Mobility in Organic Field-Effect Transistors
Charge-transport properties of conjugated polymers are generally highly dependent on the
degree of interchain interaction in polymer thin films. Hole mobilities have been correlated to the
strength of aggregation as observed spectroscopically or by X-ray diffraction. To compare the hole
mobilities of the polymer in this study, we fabricated bottom-gate, bottom-contact thin-film
transistors (Figure 3.8).
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The hole mobilities of the polymer films are summarized in Table 3.2. The mobilities of
these polymers are lower than that of polythiophene, but comparable to other polymers containing
2,5-di(thiophen-2-yl)-1-H-arylpyrrole. 62,104 The trends in the mobilities are consistent with the
XRD data. Polymers with shorter d-spacing and more pronounced diffraction peaks afforded
higher mobility. We attributed this effect to the stronger interchain interactions as a result of better
interdigitation due to the alkoxyl chains.101 In future studies, it is possible that shorter alkoxyl
chains will further improve charge mobility while maintaining polymer solubility.1 2 6
Table 3.2: D-Spacing Distance Obtained From XRD And Hole Mobility from OTFT (N > 4).
Polymer d-spacing (nm) pi (10-3 cm2V 1s-')
Pt 2.68 0,021 0.002
P2 2.58 0.031 0.003
P3 2.66 0.013 0.00 1
3.3 Conclusion
We have developed a facile, modular, and convergent synthetic route to synthesize 2,5-
di(thiophen-2-yl)-1-H-arylpyrroles from simple starting materials and robust reactions. The
monomers were compatible with different polymerization methods and are flexible building blocks
for semiconducting polymers. The polymers exhibit high solubility and thermal stability,
facilitating device fabrication. The characterization of the polymers suggests that changing the
spacing of the sidechain-containing arylpyrroles can have a significant influence on the thermal
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properties, molecular packing, and charge carrier mobility of conjugated polymers. The general
convergent synthetic scheme demonstrated access to a diversity via co-monomers and the
functionalization of the aniline component. It is also possible to introduce functionality through
the diketone component and hence access to an expanded scope of materials is also possible.1 6
3.4 Experimental Section
3.4.1 Materials and General Experimental Procedures
All reagent grade materials were purchased commercially and used without further
purification unless otherwise stated. All air- and water-sensitive syntheses were performed in
flame-dried flasks under an inert atmosphere with nitrogen using standard Schlenk techniques.
Tetrahydrofuran, dichloromethane, and toluene were dried over activated alumina columns and
stored under argon over 3 A or 4 A molecular sieves. Column chromatography was performed
with silica gel (40 im) was purchased from SiliCycle. 'H (and 13C) NMR spectra were recorded
at 400 MHz (and 100 MHz) using Bruker AVANCE-400. Chemical shifts are reported in ppm and
referenced to residual NMR solvent peaks. High-resolution mass spectra (HRMS) were obtained
at the MIT Department of Chemistry Instrumentation Facility with either electrospray (ESI) or
Direct Analysis in Real Time (DART) as the ionization technique. GPC measurements were
performed in chlorobenzene at 60 'C with polystyrene standards. The UV-Vis absorption spectra
were recorded using a Varian Cary6000i instrument. The fluorescence spectra were recorded with
a Horiba Fluorolog spectrofluorometer. Electrochemical measurements were carried out with a
Pines lab Wavenow potentialstat in a three electrode cell configuration. An ITO-coated glass slide
with the polymer film as the working electrode, a Pt mesh as the counter electrode, and a quasi-
internal Ag wire submerged in 0.01M AgNO3/0.IM tetrabutylammonium hexafluorophosphate
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(TBAPF6) in acetonitrile as the reference electrode, in 0.1M TBAPF6 / acetonitrile solution. The
redox potentials were recorded with reference to a Fc/Fc' internal standard. The thermoproperties
of the polymers were studied with a Discovery Thermogravimetric Analyzer and a Discovery
Differential Scanning Calorimetry.
3.4.2 Synthesis
3.4.2.1 Synthesis of Monomers
Synthesis of 3,4,5-tris(dodecyloxy)benzenaminium chloride salt (3)
A suspension of 2 (6.1 g, 9 mmol) and tin(II) chloride dihydrate (8.4 g, 45 mmol) in ethanol
(450 mL) and concentrated hydrochloric acid (180 mL) was refluxed for 16 h. The reaction mixture
was cooled to room temperature and the white precipitate was collected by filtration, washed with
concentrated hydrochloric acid (3 x 15 mL), and dried in vacuum to give product 3 as a white solid
(6.0 g, 98%). 1H NMR (400 MHz, CDCl 3) 6 10.36 (bs, 3H), 6.70 (s, 2H), 3.95 (t, J = 6.4 Hz, 4H),
3.90 (t, J = 6.5 Hz, 2H), 1.75 (m, 8H), 1.52 - 0.97 (m, 52H), 0.88 (t, J = 6.6 Hz, 9H); 3 C NMR
(100 MHz, CDCl3) 6 154.03, 138.35, 124.57, 101.54, 73.55, 69.41, 31.94, 30.28, 29.75, 29.72,
29.70, 29.68, 29.65, 29.61, 29.43, 29.40, 29.38, 29.26, 26.11, 22.70, 14.12. HRMS (ESI, m/z): [M
-Cl]* calcd for C42HsoNO3, 646.6133; found 646.6123.
Synthesis of 2,5-bis(5-bromothiophen-2-yl)--(3,4,5-tis(dodecvloxy)phenvl)-1 H-pyrrole (5)
Compounds 3 (1 mmol) and 4 (1 mmol) were dissolved in dry pyridine (5ml) under
nitrogen. Trimethylsilyl chloride (5mmol) was added. The reaction was run on reflux for 16 hours.
The solvent was removed in vacuo. The crude mixture was purified by flash column
chromatography with hexanes: dichloromethane 1:9 as the eluent to give a light yellow solid (75%
yield). 'H NMR (400 MHz, CDCl 3) 6 6.78 (d, J= 3.9 Hz, 2H), 6.48 (s, 2H), 6.46 (s, 2H), 6.42 (d,
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J = 3.9 Hz, 2H), 4.05 (t, J = 6.5 Hz, 2H), 3.87 (t, J = 6.6 Hz, 2H), 1.75 (m, 8H), 1.52 - 0.97 (m,
52H), 0.88 (t, J= 6.6 Hz, 9H); 13C NMR (100 MHz, CDCl 3) 5 153.45, 139.33, 136.12, 132.28,
129.73, 129.71, 124.07, 110.68, 109.40, 108.63, 73.66, 69.33, 31.96, 31.94, 30.24, 29.78, 29.76,
29.72, 29.70, 29.67, 29.63, 29.41, 29.38, 29.10, 26.13, 25.97, 22.70, 14.13. HRMS (ESI, m/z): [M
+ H] caled for C54 H83Br2NO3S 2 , 1018.4252; found 1018.4250.
Synthesis of 2,5-di(thiophen-2-vl)-1-(3,4,5-tris(dodecyloxy)phenyl)-JH-pyrrole (6)
Compounds 3 (1 mmol) and 1,4-di(thiophen-2-yl)butane-1,4-dione (1 mmol) were
dissolved in dry pyridine (5m]) under nitrogen. Trimethylsilyl chloride (5mmol) was added. The
reaction was run on reflux for 16 hours. The solvent was removed in vacuo. The crude mixture
was purified by flash column chromatography with hexanes: dichloromethane 1:9 as the eluent to
give a light yellow solid (75% yield). 1H NMR (400 MHz, CDC13) 6 7.04 (dd, J= 5.1, 1.2 Hz, 2H),
6.82 (dd, J= 5.1, 3.7 Hz, 2H), 6.63 (dd, J= 3.6, 1.1 Hz, 2H), 6.51 (d, J= 6.8 Hz, 4H), 4.03 (t, J=
6.5 Hz, 2H), 3.83 (t, J = 6.6 Hz, 4H), 1.81 - 1.25 (m, 60H), 0.96 - 0.80 (in, 9H). "C NMR (101
MHz, CDCl 3) 6 153.24, 138.89, 134.90, 133.16, 130.16, 126.85, 123.86, 123.76, 109.25, 108.78,
73.61, 69.22, 31.96, 31.93, 30.29, 29.77, 29.72, 29.70, 29.67, 29.63, 29.61, 29.40, 29.37, 29.10,
26.13, 25.97, 22.70, 14.13. HRMS (ESI, m/z): [M + H]' calcd for C54H8 3NO3S2 : 860.6044, found
860.6048.
Synthesis of 2,5-di(thiophen-2-yl)-1-(3,4,5-trimethoxyphenyl)-]H-pyrrole (7)
3,4,5-trimethoxyanilinium chloride (1 equiv) and 1,4-di(thiophen-2-yl)butane- 1,4-dione (1
equiv) were dissolved in dry pyridine (5ml) under nitrogen. Trimethylsilyl chloride (5mmol) was
added. The reaction was run on reflux for 16 hours. The solvent was removed in vacuo. The crude
mixture was purified by flash column chromatography with hexanes: dichloromethane 1:9 as the
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eluent to give off-white needle-like crystals (75% yield). 'H NMR (400 MHz, CDCl 3) 6 7.07 (dd,
J = 5.1, 1.2 Hz, 1H), 6.85 (dd, J = 5.1, 3.6 Hz, 1H), 6.65 (dd, J = 3.6, 1.2 Hz, 1H), 6.55 (s, LH),
6.54 (s, LH), 3.73 (s, 3H). "C NMR (101 MHz, CDCl3) 6 153.66, 133.91, 130.40, 128.81, 127.16,
124.34, 124.24, 109.79, 107.83, 101.59, 77.46, 56.75, 56.60. HRMS (ESI, m/z): [M + H]+ calcd
for C21Hi 9NO3S2 : 398.0879; found 398.0867.
Synthesis of ]-(4-((2,5,8,11-tetraoxatridecan-13-yl)oxv)phenyl)-2,5-di(thiophen-2-yl)-JH-pyrrole
(8)
1,4- di(thiophen-2-yl)butane-1,4-dione (1 equiv) and the corresponding anilinium salt were
dissolved in dry pyridine (5m]) under nitrogen. Trimethylsilyl chloride (5mmol) was added. The
reaction was run on reflux for 16 hours. The solvent was removed in vacuo. The crude mixture
was purified by flash column chromatography with hexanes: dichloromethane 1:9 as the eluent to
give a colorless liquid (50% yield). 1H NMR (400 MHz, CDC13) 6 'H NMR (400 MHz,
Chloroform-d) 6 7.21 (d, J= 8.8 Hz, 2H), 7.04 (dd, J= 5.1, 1.1 Hz, 2H), 6.94 (d, J= 8.9 Hz, 2H),
6.82 (dd, J = 5.1, 3.6 Hz, 2H), 6.56 (dd, J = 3.6, 1.1 Hz, 2H), 6.53 (s, 2H), 4.17 (t, 2H), 3.9- (t,
2H), 3.78 - 3.63 (m, 8H), 3.58 - 3.51 (m, 2H), 3.38 (s, 3H), 3 C NMR (101 MHz, CDCl3) 6159.39,
135.18, 131.28, 131.14, 130.47, 127.02, 124.07, 123.92, 115.08, 109.50, 72.06, 71.01, 70.75,
70.67, 69.82, 67.74, 59.19. HRMS (ESI, m/z): [M + HI+ calcd for C27H3iNOsiS2: 514.1716, found
514.1706.
3.4.2.2 Synthesis of Polymers
Synthesis of P1 Via Stille Polycondensation Reaction
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Monomer 5 (204 mg, 0.2 mmol), 2,5-bis(trimethylstannyl)thiophene (84 mg, 0.2 mmol),
tris(dibenzylideneacetone)dipalladium(0) (0.05 equiv) and tri(o-tolyl)phosphine (0.2 equiv) were
dissolved in dry toluene. The mixture was degassed via 3 freeze-pump-thaw cycles and then stirred
at 100 'C for 24 hours. During the course of the reaction, the reaction mixture turned from pale
yellow to red. The reaction was quenched with concentrated potassium fluoride solution. The
reaction mixture was added dropwise into methanol under vigorous stirring. The residue was
collected by filtration and washed with methanol, acetone and hexanes to give 150 mg of red
product (70% yield, m.p. 189.4 'C, average molecular weight Mn 22 kg/mol (GPC); UV-vis
(chloroform): 1max = 530 nm
Synthesis of Polymer P2
Monomer 5 (204 mg, 0.2 mmol), 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (98 mg, 0.2
mmol), tris(dibenzylideneacetone)dipalladium(0) (0.05 equiv) and tri(o-tolyl)phosphine (0.2
equiv) were dissolved in dry toluene. The mixture was degassed via 3 freeze-pump-thaw cycles
and then stirred at 100 'C for 24 hours. During the course of the reaction, the reaction mixture
turned from pale yellow to red. The reaction was quenched with concentrated potassium fluoride
solution. The reaction mixture was added dropwise into methanol under vigorous stirring. The red
solid product was collected by filtration and washed with methanol, acetone and hexanes to give
a red product (80% yield, m.p. 189.4 'C, average molecular weight M" 13 kg/mol (GPC); UV-vis
(chloroform): 'max = 526 nm).
Synthesis of Polymer P3
Monomer 5 (204 mg, 0.2 mmol), 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (113 mg,
0.2 mmol), tris(dibenzylideneacetone)dipalladium(0) (0.05 equiv) and tri(o-tolyl)phosphine (0.2
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equiv) were dissolved in dry toluene. The mixture was degassed via 3 freeze-pump-thaw cylcles
and then stirred at 100 'C for 24 hours. During the course of the reaction, the reaction mixture
turned from pale yellow to red. The reaction was quenched with concentrated potassium fluoride
solution. The red solid product was precipitated in methanol and washed with methanol, acetone
and hexanes to give a red product (72% yield, m.p. 198.2 'C, average molecular weight M' 13
kg/mol (GPC); UV-vis (chloroform): Amax = 505 nm).
Synthesis of Polymer P4 via Suzuki-Miyura Polycondensation Reaction:
To a dry Schlenk flask equipped with a magnetic stir bar was added monomer 5 (204 mg,
0.2 mmol, I equiv) and 4,7-bis(4,4,5,5-tetramethyl- 1,3,2-dioxaborolan-2-
yl)benzo[c][1,2,5]thiadiazole (78 mg, 1 equiv). To this was added 2 ml of toluene, a drop of aliquat
336 and 20 equiv of Na 2CO 3 in 2M aqueous solution. The mixture was then degassed via 3 freeze-
pump-thaw cycles, and 4 mol % of Pd2dba3 and 32 mol % of P(o-tolyl)3 were added against a flow
of argon. The mixture was stirred at 105 'C for 24 hours. Afterwards, the reaction mixture was
diluted with chloroform, precipitated in methanol and filtered. The residue was washed with
methanol, acetone and hexanes to give a purple solid product (70% yield, m.p. 197.3 'C, average
molecular weight M. 7 kg/mol (GPC), UV-vis (chloroform): Amax = 606 nm).
Synthesis of polymer P5 via Nickel-catalyzed Grignard Metathesis (GRIM) polymerization
reaction
iPrMgCl.LiCI (1 equiv) was added dropwise to a solution of 5 in dry tetrahydrofuran at
00 C. The solution was stirred at room temperature for 2 hours. Ni(dppe)Cl2 was then added. The
resulting solution was stirred at room temperature for 24 hours. The reaction was quenched with
concentrated potassium fluoride solution. The reaction mixture was added dropwise to a mixture
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of methanol and IM HCl. The bright orange oligomer collected is highly soluble in common
organic solvents (70% yield, m.p. 149.3 'C, average molecular weight M. 8.6 kg/mol (GPC), UV-
vis (chloroform): Amax = 473 nm).
3.4.3 X-Ray Diffraction
The polymer samples were drop-cast onto silicon zero-diffraction substrates and annealed at their
glass transition temperature (150 C) for 30 minutes. The measurement was done under Cu k-
akpha radiation. The d-spacing distances were calculated based on the formula:
A = 2 d sinO, where . = wavelength of Cu k-alpha wave (1.5405 A)
3.4.4 Hole Mobility Measurement from Organic Thin Film Transistors
3.4.4.1 Fabrication of organic thin film transistors (OTFT)
The polymer OTFT were fabricated in a bottom gate, bottom contact configuration
according to below. The substrates were purchased from Fraunhofer Institute for Photonic
Microsystems IPMS. Heavily n++ doped silicon wafers were used as the common gate with 230
nm of SiO 2 (thermal oxidation) acting as the dielectric layer. The drain and source electrode were
30 nm Au with 10 nm high work function adhesion layer (ITO, structured by lift-off technique).
The channel length and width were L = 10 pm and W = 2 mm. The substrates were cleaned with
acetone, IPA, and DI water, and dried under an N2 flow before placing in a plasma cleaner for 3
min. The substrates were then chemically modified by submerging in a 3mM solution of
octadecyltrichlorosilane (OTS) in hexane at 40 'C for 20 min. After the OTS modification, the
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substrates were cleaned with hexane, IPA, and DI water in an ultrasonic bath for 5 min each and
dried under an N 2 flow.
The solutions of the polymers were made at the concentration of 5 mg mL-' in a mixture
of 99:1 chloroform: ortho-dichlorobenzene and stirred at room temperature. Before deposition, the
solutions were heated using a heat gun until completely dissolved and filtered through a 1 pm
PTFE filter. The polymer solutions were then spin-coated onto the OTS modified substrates at a
speed of 1000 rpm (500 rpm s-1 ramp) for 2 min, followed by 2000 rpm (500 rpm s-1 ramp) for 30
s. After spin-coating, the edges of the substrates were cleaned using swaps and placed in a vacuum
chamber overnight to completely remove the residual solvent before testing. The devices were
characterized in a probe station with continuous N2 flow on the device surfaces.
Semiconductor
10 nm ITO, 30 nm Au
230 nm Si02
Si, n-doped n-3x101 7 cm-3
Figure 3.8: Structure of Polymer Thin Film Transistors
3.4.4.2 OTFT Characterizations and Mobility Calculations
The electrical characteristics were measured according to the procedures reported in the
literature. 127,128 Two Keithley 2450 Source Meter Instruments were used as the semiconductor
parameter analyzer. Transfer characteristics (IDs vs. VG, where IDs is the source-drain current and
VG is the gate voltage) were measured for each transistor, and output characteristics (IDs vs. VDS,
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where VDS is the source-drain voltage) were measured for representative transistors. The output
curves (IDS vS. VDS) were measured with varying VG from 20 V to -80 V with a step size of 20 V
and with VD sweeping from 20 V to -80 V. The transfer curves (IDS vS. VG) were collecting with
VG decreasing from 20 V to - 80 V at a constant VDS of -60 V. The saturation mobility p was
extracted from the slope of the linear fits in the saturation regime on the plots of (-IDS)1U2 vS. VGS
using the following equation.
W
VDS = lCd- (VG - VT) eq.2L
Ca = EE eq. 2
d
where Cd is the capacitance of the gate dielectric per unit area, eq. 2, which is the function of the
permittivity of free space (E 0= 8.854 x 10-12 F m-1) and of SiO2 (E = 3.9) and the thickness of the
SiO 2 layer (d = 230 nm). The W and L are the dimension of the channel width and length. VT, the
threshold voltage, can be extracted from the interception of the linear fits and the x-axis.
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NMR Spectra
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Figure 3.12: 'H NMR Spectrum of 3 in CDC1 3 (400 MHz)
L -1
140 130 120 110 100 90 80
140 130 , 120 " 110 , 100 9O 80fi (ppm)
3.13: 3C Spectrum of 3 in CDC13 (100 MHz)
.6 ~ I 8
4.0 3.5
70 60 50 40 30 20 10 0
- 104 -
3.5
3.5.1
I
3.0 2.5 2.0 1.5 1.0 0.5 0.0
150
Figure
Chapter 3:
I I
Modular Synthesis of Polymers Containing 2,5-di(thiophenyl)-N-arylpyrrole
BJ Br
k
'I
9'4f
K)
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4. 0 (pm 3.5
fi (ppm)
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Figure 3.16: 1H NMR Spectrum of 6 in CDC1 3 (400 MHz)
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Figure 3.17: 13 C NMR Spectrum of 6 in CDC1 3 (100 MHz)
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Figure 3.22: 'H NMR Spectrum of PI in o-DCB (400 MHz)
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Figure 3.24: 'H NMR Spectrum of P3 in o-DCB (400 MHz)
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Figure 3.25: 'H NMR Spectrum of P4 in CDC1 3 (400 MHz)
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Figure 3.26: 'H NMR Spectrum of P5 in CDC13 (400 MHz)
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3.5.2 Gel Permeation Chromatography
The Gel Permeation Chromatography measurements were carried out at 60'C in chlorobenzene.
The hydrodynamic radii of the polymers were calibrated against a polystyrene standard.
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Figure 3.27: Gel Permeation Chromatogram of Polymers in Chlorobenzene at 60 'C
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3.5.3 UV-Vis Absorption and Photofluorescent Spectra
10 b) i.0S09
0.8 0.4
- A
0.4.
0.6
z 0.[U . - - -.300 400 Sao 00 70 000
Wavetength I Mr)
300 40 500 a" 700
Wavelength (nm)
1.0 d)
0.8
0.6
0.4
0.2 0
1.0
0.8
0.6
OA
0.2
0.0
100
0 400 -500 600 70
Wavelength (nm)
300 400 S00 00 700 90
Wavelength (nrn)
9
e).0
g 0.8
0.6
0.22
u-u
300 400 500 000
Wevelength (nmj
Figure 3.28: UV-Vis Absorption and Emission Spectra of polymers P1 (a), P2 (b), P3 (c), P4 (d),
and P5 (e) in Chloroform Solution (solid) and Thin Film (Dashed)
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4.1 Introduction
Conjugated polymers have found vast applications in opto-electronic devices, including
photovoltaics, LEDs and OFETs. 12 9 One important figure of merit of these applications is the
charge mobility, which underpins the performance of most organic electronic devices. Despite the
significant improvement over the last two decades, challenges associated with the enhancement of
charge mobility remain. Designing materials capable of supporting high charge mobility requires
controls over molecular packing and thin film morphology. These parameters can often be tuned
by adjusting the degree of conjugation and conformational properties of the materials.13 0 The
degree of conjugation in organic materials can be enhanced are by polymerization to increase the
conjugation length and/or by forced planarization of the components. In the latter approach, fused
polycyclic aromatic systems have garnered significant interest to provide the high degree of
conjugation."' The enforced planarity in these structures gives rise to the enhanced degree of
conjugation to facilitate charge delocalization within the polymer chain. In addition, this planarity
also improves interchain 7t-7t stacking, molecular order and consequently intermolecular charge
transfer in the bulk material.6 9 ,3 2
In Chapter 3, we have demonstrated the use of 2,5-di(thiophenyl)-N-arylpyrroles as a
building block for conjugated polymers (Figure 4.1a). The reactivity of thiophene presents the
opportunity for intramolecular cyclization at the P' position. The cyclized product has a core
structure similar to ullazine, a moiety that has notable performance in dye-sensitized solar cells
(DSSCs) (Figure 4.1b)." 1 4 Most of the syntheses of ullazine derivatives involve intermolecular
cycloaddition reactions.1 35- 3 7 We anticipate the fused polycyclic aromatic compound from 1 to
have similar advantages as the extended planar structure of ullazine derivatives. Moreover, the
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electron-rich thiophene and pyrrole rings also offer potential sites for further functionalization of
this building block.
OC 12H2 5
a) C 12 H250 OC12H2 5
OC12H25  \ N /S\
C 12H2 50 OC 12 H25 polymerization n
P1
N OC12 H25
S \ S C 12H 25  OC 12H25
cyclization --I
S N
b)
Ar / Ar
Ar N Ar
-^'IRR-4 ||
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Figure 4.1: a) Routes To Enhance Conjugation In 2,5-Di(Thiophenyl)-N-Arylpyrroles. B)
Reported Ullazine Derivatives
This chapter presents strategies to enhance conjugation in an organic semiconductor, using
2,5-di(thiophenyl)-N-arylpyrroles (SNS) as a model system. The first section describes the routes
to synthesize polycyclic aromatic systems via intramolecular annulation reactions. The second
section explores the electrochemical properties of SNS units for the opportunity to enhance
conjugation via electrochemical methods.
4.2
4.2.1
Results and Discussion
Synthesis of Fused Polycyclic Heteroaromatic Compounds via Intramolecular
Cyclization
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The starting materials 2,5-di(thiophenyl)-N-arylpyrroles (SNS) are synthesized in modular
steps with high yields according to our previously reported procedure.13 8
4.2.1.1 Oxidative Cyclization:
The electron-rich nature of the 2,5-dithiophenylpyrrole system is reflected in the low
oxidation potential of monomer 1, and hence we chose to explore the annulation reaction by
chemical oxidation. However, subjecting monomer 1 to oxidation by FeCl 3 did not lead to the
desired cyclized product (Scheme 4.1). An issue is that FeCl3 is also a reagent for the oxidative
polymerization reaction of thiophene, and polymerization was likely a major side reaction. To
circumvent this issue, we performed the cyclization reaction on compound 2 with Br substituents
that block oxidative coupling reactions between the a-positions of the thiophene. The dibrominated
compound 2 undergoes the double oxidative annulation reaction with the isolated yields of 23%
(Scheme 4.2). The improvement in isolated yield suggests that oxidative coupling at the a-position
was a prominent side reaction for 1. Other 1-electron oxidants such as 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ), and vanadium(V) oxytrifluoride VOF3 can also be employed for
the cyclization, but are less successful than with FeC 3.
OC12H25  OC12H25
C 12H250 OC12H 25  FeC 3 (10 eq.) C 12H250 . OC12H25
\ 
N /\CH2 I, MeNO2  S N S \f S
I
Scheme 4.1: Oxidation of Unsubstituted Monomer 1
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Scheme 4.2: Oxidative Cylization Of Monomer 2
4.2.1.2 Cyclization by Direct Arylation
To improve the selectivity for the annulation process, we employed intramolecular direct
arylation. The halogen atoms were placed on the phenyl ring to minimize intermolecular side
reactions. Scheme 4.3
OH
NO2
C1 2H25BrK2CO3
KI ,
DMF, 90*C
92%
OC12 H 25
NO 2
4
SnC 2HCI
ethanol
70%
OC12 H25
NH3CI
5
n-Bu 4NBr3
CH 2 CI 2/ MeOH
49%
OC 12H25
Br Br
NH 2
6
0 S\
Sr 0
p-TsOH
toluene, 120*C
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OC 12 H25
Br Br
N
S S
7
Pd(OAc) 2
K2C03
pivalic acid
PCy3HBF4
toluene, 110'C
45%
OC12H25
S N
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Scheme 4.3: Synthesis of Fused Polycyclic Aromatic Compound by Direct Arylation
describes the synthetic route to the fused polycyclic heteroaromatic compound. The aniline
component 5 was prepared from 4-nitrophenol via the Williamson ether synthesis followed by
reduction, similar to the route outlined in Chapter 3. Bromination of 5 with tetra-n-
butylammonium tribromide furnished compound 6.139 Finally, compound 7 was synthesized by a
standard acid-catalyzed Paal-Knorr condensation reaction. The yield for the Paal-Knorr
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condensation was lower with the dibrominated substrate 6 than with the other anilines in our
studies, possibly as a result of the electron-withdrawing and steric effects from the bromine
substituents, which make 6 a weaker nucleophile. The double-annulation reaction of 7 produced 8
with 45% yield.
OH C 12H2 5Br OC12 H25  OC 12H2 5  OC 12 H25
K2C03 SnC12
KI HCI n-Bu4NBr3
DMF, 90*C ethanol CH 2C2/ MeOH Br Br
NO2  92%NO 2  70% NH3CI 49NH 2
4 5 6
0 S Pd(OAc) 2OC12H25 K2C03 OC12H25
pivalic acid
s o B PCy3 HBF4
p-TsOHBr Br toluene, 110*C \
toluene, 120*C 45% S N /
14% S \/ S
7 8
Scheme 4.3: Synthesis of Fused Polycyclic Aromatic Compound by Direct Arylation
4.2.2 Characterization of Polycyclic Aromatic Compounds
4.2.2.1 UV-Vis Absorption:
The changes in the UV-Vis absorption spectra from the open (2 and 7) to the cyclized SNS
units (3 and 8) reflect the planarization of the former via annulation (Figure 4.2 and Figure 4.3).
Noteworthy are the well-defined vibronic bands in the absorption spectra of the cyclized molecules
(Figure 4.2b and Figure 4.3b), which are attributed to the rigidity enforced by the annulation
reactions. In addition, the longer absorption wavelength suggests an increase degree of conjugation
from planarization in the annulated molecules. This increase in conjugation is also supported by
the B3LYP quantum chemical calculations (see Appendix). The annulation reactions extend the
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molecular orbitals to the phenyl rings which are excluded from the HOMO of the open SNS
moieties.
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Figure 4.2: UV-Vis Absorption-Emission Spectra of 2 (a) and
Excitation of 2 at 340 nm and Excitation of 3 at 380 nm.
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Figure 4.3: UV-Vis Absorption-Emission Spectra of 7 (a) and 8 (b). Excitation at 338 nm for 7
and 388 nm for 8.
4.2.2.2 Cyclic Voltammetry
The electrochemical properties of the pre- and post-annulated molecules were studied by
cyclic voltammetry (CV) in solution. The compounds were dissolved in dichloromethane with 0.1
M TBAPF6. The cyclic voltammetry measurement was carried out with a 3-electrode
configuration: a platinum button working electrode, a platinum wire as the counter electrode, and
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a silver wire in AgNO3/TBAPF6 solution as the reference electrode. The potentials are reported
against a ferrocene internal standard.
Figure 4.4 shows the cyclic voltammograms of compounds 2 and 3. The cyclic
voltammogram of the cyclized compound 3 shows two reversible redox peak with half-wave
potentials (Eu 2 ) of 0.24 and 0.68 V (Figure 4.4A). Compound 2 exhibits a reversible peak with
E1 /2 of 0.38 V, higher than that in 3 (Figure 4.4B). When the potential range was extended,
compound 2 showed an irreversible anodic peak (Epa) at 0.99V and a reverse cathodic peak (Epc)
at 0.90 V (Figure 4.4C). The lower oxidation potential in compound 3 can be attributed to
electron-donating effect from the phenyl ring which is now in conjugation with the SNS system.
The enhanced conjugation also helps stabilize additional charges, giving rise to two reversible
oxidation peaks in the voltammogram of 3. The irreversible peak at high potential for 2 implies
that this compound undergoes chemical transformation on a sufficient time scale to form a new
species represented by an evolving peak at about Epa= 0.20 V, which is strikingly similar to that
observed for compound 3. However, this process appears to be relatively inefficient based on the
slow growth of the new peaks. Again the product from electrochemical oxidation has a lower redox
potential than the starting material 2, suggesting a more electron-donating nature which can be
attributed to an increase in the degree of conjugation.
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Figure 4.4: Cyclic Voltammograms of 3 (A) (0.1mM) and 2 (B, C) (0.06 mM) at a 2mm 2 Pt
Working Electrode in 0. 1M TBAPF/DCM, Pt Button Working Electrode, Reference Electrode
Ag/Ag', Internally Calibrated vs FeCp2/FeCp2+(Fc/Fc*), Sweep Rate IOOmV/s
4.2.3 Electrochemical Studies of 2,5-di(thiophenyl)-N-arylpyrroles
The results from the cyclic voltammograms from compound 3 presents the opportunity to
control the conjugation 2,5-di(thiophenyl)-N-arylpyrroles (SNS) via electrochemical oxidation.
This method has been utilized for the electropolymerization of SNS derivatives. 140-143 The report
by Niziurski-Mann et al. offered some insights about the mechanism of the electrochemical
oxidation of N-akylated 2,5-bis(2-thienyl)pyrroles (SNS) derivatives as shown in Figure 4.5."44
The electrochemical oxidation of SNS monomers proceeds via radical cation species. The
polymerization of SNS monomers involves the coupling of these radicals to form dications, which
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undergo deprotonation and further oxidation. Accounting for the resonance structures of the radical
cation shown in Figure 4.5, with the positive charge placed on the nitrogen atom, the coupling
reaction can occur at the a, P' or P" positions. In electropolymerization of SNS monomers is
reported to through linear a-a coupling with high selectivity. Some branching resulting from
coupling at the P and P" positions has also been observed.
Ar Ar S Ar S Ar
N I' + N 
N
Figure 4.5: Resonance Structures Of SNS Radical Cation
With the successful annulation of 2 via chemical oxidation, we are interested in the
possibility of performing this transformation via electrochemical oxidation. More importantly,
insights into the influences of functional groups on the electrochemical properties of derivative
building blocks will be useful in molecular design.
For this study, we synthesized a library of SNS units with different functional groups at the
a, P' and $" positions as shown in Figure 4.6. Analogs 2 and 9 were synthesized with the a-
positions blocked, which is expected to prevent polymerization reactions at these positions.
Compound 10 has the p"-sites blocked by methyl groups. We also included the homopolymer P1
synthesized by metal-catalyzed polymerization in the study. We hypothesized that the products
formed by electrochemical oxidation should appear at the same position as in the cyclic
voltammogram of the compound synthesized by chemical route. Particularly, if the coupling
occurs with the radical at the a- position, the product would be expected to exhibit redox peaks at
the same positions as those in the voltammogram of polymer P1. Similarly, if the reactive radical
is at the 0'- position, it would be possible to observe evolving peaks at the same position as in
compound 3's voltammogram.
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All the compounds in the study were synthesized from the 3,4,5-tris(dodecyloxy)anilinium
chloride and the corresponding 1,4-di(thiophen-2-yl)butane-1,4-dione derivatives via the acid-
catalyzed Paal-Knorr reaction described in Chapter 3. The polymer was synthesized by nickel-
catalyzed Grignard metathesis polymerization as described in Chapter 3.
OC12 H25  OC12 H25  OC12 H25
C12H2 OC 12H25  C 12H250 O 0C 12H25  C 12 H25 0 OC 12 H25
C1  C12H0 NC22 G
BN Br N Br
S Srte a S S e Em d
4 3 P1
0C 12H25  0C12H25  O'22
C 12H250 N C12H25  C 12H 250 N C12H 25  C12H250 0C 12H 25
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B S \/ S Br S \/ S s
2 9
Figure 4.6: Molecular Structures of The Compounds in the Electrochemical Study
4.2.3.1 Electrochemnical Oxidation of the Unsubstituted SNS Compound 1:
Our first objective was to determine the main product from the electrochemical oxidation
of the unsubstituted compound 1 (Figure 4.7A). Compound 1 exhibit an irreversible oxidation
peak with Epa = 0.38 V and the reverse peak with Epc = 0.22 V. With repeated scanning, we
observed the evolution of additional peaks with Epa = 0.12 V and Epc = 0.0 13. These new peaks
have the same potentials as that of the homopolymer P1 (Figure 4.7C), suggesting that the
polymer with a-a linkages is the main product from the electrochemical oxidation of 1. The cyclic
sweeps up to the second oxidation peak with Epa at 0.9 V also lead to the evolution of the same
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peaks (Figure 4.7B). The polymer formed has a lower oxidation potential than monomer 1 as a
result of the increased conjugation length, which stabilizes the charges. Electrochemical syntheses
of conducting polymers work best when the products are insoluble and adsorb to the electrodes
allowing for the addition of other monomers. In this case, the sluggish growth of the polymer is a
result of the high solubility and oligomers formed will diffuse from the electrode and once formed
are not able to make intimate contact with the electrode as a result of an anticipated coiled structure
with a corona of insulating hydrocarbon sidechains.
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Figure 4.7: Cyclic Voltammograms of 1 (A and B) (0.1mM) and P1 (C) at a 2mm2 Pt Working
Electrode in 0.1M TBAPF6/DCM, Pt Button Working Electrode, Reference Electrode Ag/Ag+,
Internally Calibrated vs FeCp 2/FeCp2 (Fc/Fc'), Sweep Rate 100mV/s
4.2.3.2 Electrochemical Oxidation of a-substituted SNS compounds:
As P1 is the main product in the electrochemical oxidation of the monomer 1, the coupling
step should be the most facile at position a. In addition to its higher intrinsic reactivity, the a-site
is also unobstructed in contrast to the D" position, which is sterically hindered by the N-phenyl
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substituent. In order to evaluate this effect further, we carried out electrochemical study on a-
substituted compounds 2 (with bromine substituents), and 9 (with methyl substituents). The
voltammograms of the a-substituted SNS units are shown in Figure 4.8. The oxidation potentials
in the bromine-substituted compound 2 are higher than those of 1, with E1,2 = 0.38 V (Epa = 0.42
V, EPC = 0.33 V) (Figure 4.8B). On the other hand, the methyl-substituted compound 9 exhibits
lower oxidation potentials with E1 2 = 0.22 V (Epa = 0.22 V, Epc = 0.010 V (Figure 4.8C). These
differences can be attributed in the inductive and hyperconjugative effects of these substituents on
the rings. The radical cations from the a-substituted compounds appear to be more persistent than
the radical cations on compound 1. Although the first oxidation peak of 1 is non-reversible, the
first oxidations peaks from compounds 2 and 9 are reversible. This explains the difference in the
chemical oxidation of compounds 1 and 2 with FeCl 3 . The cation radicals from 1 undergo faster
a-a coupling reactions to form the homopolymer while the cation radicals in 2 are persistent
enough to go through the intramolecular coupling reaction at the P"-position to form the cyclized
product 3. Upon expanding the sweeping potential, compound 2 exhibits a non-reversible peak
with Epa at 0.99 V and a peak at E1/2 = 0.17 V grows. The product from 2 has redox peaks at slightly
higher potentials than that from 1. This suggests that if debromination occurs, it is incomplete on
the time scale of the electrochemical oxidation reactions. Finally, the a-methylated compound 9
only exhibits reversible redox peaks in the potential window tested. This again shows that the a-a
coupling is a dominant reaction in for this class of radical cations. In addition, a key difference
between the methyl and bromine groups is that the former cannot undergo elimination reaction.
The much lower reactivity of 9 in this case supports the idea that elimination is the rate limiting
step in the mechanism proposed by Niziurski-Mann et al.1
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Figure 4.8: Cyclic Voltammograms of 1 (A) (0.1 mM), 2 (B) (0.06 mM), and 9 (C) (0.2 mM) at a
2mm2 Pt Working Electrode in 0.1M TBAPF/DCM, Pt Button Working Electrode, Reference
Electrode Ag/Ag', Internally Calibrated vs FeCp2/FeCp2+(Fc/Fc'), Sweep Rate 100mV/s
4.2.3.3 Electrochemical Oxidation offl"-substituted SNS compounds:
In the voltammogram shown in Figure 4.9, the p"-substituted compound 10 shows a
reversible peak with E1/2 of 0.26 V (Epa = 0.30 V, Epc = 0.21 V) and an irreversible peak at Epa =
0.85 V, E. These peaks are at lower potentials than those in the voltammogram of compound 1
because of the electron-donating character of the methyl groups. Upon expanding the potential
window to -0.7 to 1.2 V with respect to the ferrocene reference, compound 10 shows a new
cathodic peak at -0.26 V. It is worth noting that this peak does not have an apparent complementary
anodic peak as in the voltammograms of the other molecules. It is interesting that 10 does not
clearly undergo efficient coupling through the a-positions, as evidenced by the absence of new
electrochemical features. This suggests that the electron donating nature of the methyl groups tend
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to localize the reactive radical cations on the pyrrole, thereby reducing the oxidative coupling
through the thiophene moieties.
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Figure 4.9: Cyclic Voltammograms of 10 (0.1 mM) at a 2mm 2 Pt Working Electrode in 0. 1M
TBAPF6/DCM, Pt Button Working Electrode, Reference Electrode Ag/Ag*, Internally Calibrated
vs FeCp2/FeCp2+(Fc/Fc'), Sweep Rate lOOmV/s
4.2.3.4 Spectroelectrochemical Studies on compounds 1 and 2
For further understanding of the electrochemical oxidation of compounds 1 and 2, we
monitored their UV-Vis absorption spectra while being subjected to a positive potential. The
samples were dissolved in dichloromethane with 0.1M TBAPF6 and added to an
spectroelectrochemical cell with a honeycomb gold electrode.
Figure 4.10 shows the absorption spectra of 1 (A) and 2 (B). The absorption spectrum of
homopolymer P1 synthesized by another chemical route is presented for reference (C). Upon
applying a positive potential of 0.5 V on compounds 1 and 2, we observed a decrease in the
intensity of the absorption peaks of the starting materials and the development of new peaks at 470
and 510 nm. The overlap between the new peaks' maxima and that in the absorption spectra of
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polymer P1 suggests that PI is formed during the electrochemical oxidation of 1. Once
polymerized 1 displays additional absorbances at long wavelength consistent with polarons
(radical cations). Compound 2 also displays a new absorption in the same region with a different
absorption profile. The absorption peak of the cyclized compound 3 at 400 nm was not observed.
However, if 3 was formed, it would be oxidized at this potential from Figure 4.4A, and hence the
spectrum in Figure 4.10B is likely that of an oxidized species.
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Figure 4.10: Absorption of (A) 1 and (B) 2 under 0.50 V Potential in 0.1 mM TBAFP/ DCM
Solution, with Gold Electrodes. (C) Absorption of P1 in Dichloromethane Solution.
4.3 Conclusion
We have demonstrated different strategies to enhanced the degree of conjugation for
organic semiconductors based on 2,5-di(thiophenyl)-N-arylpyrrole derivatives, including
intramolecular cyclization and electrochemical polymerization. The cyclization reactions led to
the development of a novel fused heteropolycyclic aromatic building block. With the planar
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structure, extended conjugation, and multiple sites for functionalization, this building block has
potential applications in OFET, OPV and OLED. The insights on the electrochemical properties
of this building block are useful for molecular design in tailoring the materials' conjugation for
the intended applications.
4.4 Experimental Section
4.4.1 General Procedures and Instruments:
All reagent grade materials were purchased commercially and used without further
purification unless otherwise stated. All air- and water-sensitive syntheses were performed in
flame-dried flasks under an inert atmosphere with nitrogen using standard Schlenk techniques.
Tetrahydrofuran, dichloromethane, and toluene were dried over activated alumina columns and
stored under argon over 3 A or 4 A molecular sieves. Column chromatography was performed
with silica gel (40 pm) was purchased from SiliCycle. 'H (and 13C) NMR spectra were recorded
at 400 MHz (and 100 MHz) using Bruker AVANCE-400. Chemical shifts are reported in ppm and
referenced to residual NMR solvent peaks Chemical shifts were reported in ppm and referenced
to residual solvent peaks (CDCl 3: 7.26 ppm for 'H and 77.26 ppm for '3 C). High-resolution mass
spectra (HRMS) were obtained at the MIT Department of Chemistry Instrumentation Facility with
either electrospray (ESI) or Direct Analysis in Real Time (DART) as the ionization technique. The
UV-Vis absorption spectra were recorded using a Varian Cary6000i instrument. The fluorescence
spectra were recorded with a Horiba Fluorolog spectrofluorometer. The Cyclic Voltammetry
measurements were carried out with a Pine Research Wavenow Potential Stat.
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4.4.2 Synthesis
Synthesis of 2,5-di(thiophen-2-yl)-1-(3,4,5-tris(dodecyloxy)phenyl)-]H-pyrrole (1) - General
Synthesis of 2,5-di(thiophenyl)-N-arylpyrroles
OC12 H25
C 12 H25 0 OC 12H25
N r
S \/ S
3,4,5-tris(dodecyloxy)anilinium chloride (1 mmol) and 1,4-bis(5-bromothiophen-2-yl)butane- 1,4-
dione (1 mmol) were dissolved in dry pyridine (5ml) under nitrogen. Trimethylsilyl chloride
(5mmol) was added. The reaction was run on reflux for 16 hours. The solvent was removed in
vacuo. The crude mixture was purified by flash column chromatography with hexanes:
dichloromethane 1:9 as the eluent to give a light yellow solid (75% yield); 'H NMR (400 MHz,
CDCl3) 6 7.04 (dd, J = 5.1, 1.1 Hz, 2H), 6.82 (dd, J = 5.1, 3.6 Hz, 2H), 6.63 (dd, J = 3.6. 1. 1 Hz,
2H), 6.52 (s, 1H), 6.51 (s, 2H), 4.05 (t, J = 6.5 Hz, 2H), 3.87 (t, J = 6.6 Hz, 2H), 1.75 (m, 8H), 1.52
- 0.97 (m, 52H), 0.88 (t, J = 6.6 Hz, 9H); 13 C NMR (100 MHz, CDCl 3) 5 153.49, 139.14, 135.15,
133.41, 130.41, 127.10, 124.12, 124.01, 109.50, 109.03, 73.86, 69.47, 32.21, 32.19, 30.54, 30.02,
29.97, 29.95, 29.92, 29.88, 29.86, 29.65, 29.62, 29.35, 26.39, 26.22, 22.95, 14.38.HRMS (ESI,
m/z): [M + H]' calcd for C54Hs5NO3S2, 860.6044; found 860.6048.
2,5-bis(5-bromothiophen-2-yl)-1-(3,4,5-tris(dodecyloxy)phenyl)-JH-pyrrole (2)
OC12H 25
C 12H 2 50 OC 12H 25
NBr s \/ S Br
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Compounds 3 (1 mmol) and 4 (1 mmol) were dissolved in dry pyridine (5ml) under nitrogen.
Trimethylsilyl chloride (5mmol) was added. The reaction was run on reflux for 16 hours. The
solvent was removed in vacuo. The crude mixture was purified by flash column chromatography
with hexanes: dichloromethane 1:9 as the eluent to give a light yellow solid (75% yield), m.p.
82.9'C; 'H NMR (400 MHz, CDCl 3) 6 6.78 (d, J = 3.9 Hz, 2H), 6.48 (s, 2H), 6.46 (s, 2H), 6.42 (d,
J = 3.9 Hz, 2H), 4.05 (t, J = 6.5 Hz, 2H), 3.87 (t, J = 6.6 Hz, 2H), 1.75 (m, 8H), 1.52 - 0.97 (m,
52H), 0.88 (t, J = 6.6 Hz, 9H); 13C NMR (100 MHz, CDCl 3) 6 153.45, 139.33, 136.12, 132.28,
129.73, 129.71, 124.07, 110.68, 109.40, 108.63, 73.66, 69.33, 31.96, 31.94, 30.24, 29.78, 29.76,
29.72, 29.70, 29.67, 29.63, 29.41, 29.38, 29.10, 26.13, 25.97, 22.70, 14.13. HRMS (ESI, m/z): [M
+ H]- calcd for C5 4H83Br2NO 3S 2 , 1018.4252; found 1018.4250.
4, 10-dibromo-6,7,8-tris(dodecyloxy)thieno[3', 2': 7,8]indolizino[6,5,4,3-ija]thieno[2,3-
c]quinolone (3)
OC 12 H25
C 12 H250 . OC12H25
Br Br
s N s
A solution of FeCl3 (10 equiv) in dry nitromethane was added slowly into a solution of 2 in dry
dichloromethane at room temperature. The mixture was stirred in nitrogen atmosphere. After I
hour, dry methanol was added and the mixture was left for 3 more hours at room temperature.
Aqueous ammonia was then added. The organic layer was extracted with dichloromethane and
water, dried over MgSO4, concentrated and purified by flash column chromatography to give a
bright yellow solid product (23% yield). 'H NMR (400 MHz, CDCl 3) 6 8.20 (s, 2H), 6.81 (s,-2H),
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4.09 (dt, J = 19.2, 6.9 Hz, 6H), 1.40 - 1.19 (m, 54H), 0.81 (m, 15H). HRMS (ESI, m/z): [M + H]*
calcd for C54H79Br2NO3S2, 1013.3861; found 1013.3852.
1-(2,6-dibromo-4-(dodecyloxy)phenyl)-2,5-di(thiophen-2-yl)-]H-pyrrole (7)
OC 12H 25
Br Br
S \/ S
p-toluene sulfonic acid (0.1 mmol) was added to a solution of 1,4-di(thiophen-2-yl)butane-1,4-
dione (1 mmol) 2,6-dibromo-4-(dodecyloxy)aniline (1 mmol) in dry toluene. The reaction was run
on reflux for 16 hours. The solvent was removed in vacuo. The crude mixture was purified by flash
column chromatography with hexanes: dichloromethane 1:9 as the eluent to give a light yellow
solid (14% yield).1 H NMR (400 MHz, Chloroform-d) 6 7.10 (s, 2H), 7.01 (dd, J = 5.1, 1.2 Hz,
2H), 6.83 - 6.79 (dd, 2H), 6.71 - 6.68 (dd, 2H), 6.56 (s, 2H), 3.91 (t, J = 6.5 Hz, 3H), 1.73 (m,
4H), 1.39-1.21 (m, 16H) 0.82 (t, J = 6.7 Hz, 5H). HRMS (ESI, m/z): [M + H]' calcd for
C3oH35Br2NOS 2 , 650.05806; found 650.0581.
7-(dodecvloxy)thieno[3',2':7,8]indolizino[6, 5,4,3-ija]thieno[2,3-clquinolone (8)
OC12H 25
S N s
Compound 7 (1 equiv), Pd(OAc) 3 (0.06 equiv), PCy3.HBF 4 (0.12 equiv), K2CO3 (1.5 equiv), and
pivalic acid (0.3 equiv) were dissolved in dry toluene. After 3 freeze-pump-thaw cycles, the
reaction was run on reflux for 16 hours. The reaction mixture was diluted with HCl and water. The
organic layer was extracted with water, dried over MgSO4 and concentrated. The crude mixture
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was purified by flash column chromatography using 2-10% dichloromethane/hexanes eluent, to
give a bright yellow solid product (45% yield). 1H NMR (400 MHz, CDCl 3) 6 7.71 (d, J= 5.3 Hz,
2H), 7.46 (s, 2H), 7.42 (d, J = 5.3 Hz, 2H), 7.08 (s, 2H), 4.19 (t, J = 6.6 Hz, 2H), 1.27-1.95 (m,
18H), 0.96 - 0.83 (m, 5H),
HRMS (ESI, m/z): [M + H] calcd for C30H33NOS 2, 488.2076; found 488.2071.
OC12H 25
C 12H 250 OC 12 H25
N
S \/ S
2,5-bis(5-methylthiophen-2-vl)-1-(3,4,5-tris(dodecvloxv)phenyl)-JH-pyrrole (9)
Compound 9 was synthesized using the same procedure as in the synthesis of compound 1 with
76% yield. 1H NMR (400 MHz, Chloroform-d) 6 6.51 (s, 2H), 6.46 (d, J = 3.6 Hz, 2H), 6.43 (s,
2H), 6.37 (d, J = 3.5 Hz, 2H), 4.04 (t, J = 6.6 Hz, 2H), 3.86 (t, J = 6.6 Hz, 4H), 2.36 (s, 6H), .71
(t, J= 7.3 Hz, 8H), 1.53 - 1.15 (m, 49H), 0.89 (t, J= 6.6 Hz, 12H). HRMS (ESI, m/z): [M + HI*
calcd for C56 Hs9NO 3S2, 888.6357; found 888.6342.
OC12H25
C12 H 25 0 I OC1 2H 25
3_N S
S
Compound 1 was synthesized using the same procedure as in the synthesis of compound 1 with
20% yield. Compound 'H NMR (400 MHz, CDCl 3) 6 7.19 - 7.14 (m, I H), 6.89 (dd, J = 5.2, 3.6
Hz, IH), 6.74 - 6.69 (m, IH), 6.23 (s, 1H), 3.91 (t, J = 6.6 Hz, IH), 3.67 (t, J = 6.6 Hz, IH), 2.18
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(s, 2H), 1.64 - 1.55 (m, 1H), 1.26 (s, 60H), 0.88 (t, J = 6.6 Hz, 3H). HRMS (ESI, m/z): [M + H]'
calcd for C5 6H89NO 3S2, 888.6357; found 888.6342.
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Figure 4.11: 'H NMR Spectrum of 1 in CDC1 3
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Figure 4.13: 1H NMR Spectrum of 3 in CDC1 3
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4.5.2 DFT Calculations
a) b)
Figure 4.20: Graphical Representation of (A) HOMO And (B) LUMO of 1 from B3LYP
Calculation (The Alkyl Chains Are Shortened to Methyl for Simplicity)
a) b
Figure 4.21: Graphical Representation Of (A) HOMO And (B) LUMO of the Cyclized Molecule
from 1 by B3LYP Calculation (The Alkyl Chains Are Shortened to Methyl for Simplicity)
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